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SUMMARY
The rates of detritiation of [2-3H] imidazole, 1-methyl- 
[8- 3H]guanosine, 7-methyl [8- 3h] guanosine, 1-methyl [8-3 H] - 
inosine, [8-3 H] xanthine, [8- 3h] xanthosine, [8- 3h] theophylline, 
[8- 3H] theobromine, [8- 3h] paraxanthine, [8- 3H] caffeine, [8- 3h]- 
adenosine 5'-monophosphate, [8-3 h]adenosine 3'-monophosphate, 
[8-3 H] adenosine S'^'-cyclic monophosphate, [8- 3h]guanosine 
5'-monophosphate and [8- 3h]inosine 5 1-monophosphate have been 
measured as a function of pH at 85°. From the observed pH - 
rate profiles, information concerning the reactive species 
has been obtained. The reactions were found to be very 
sensitive to the various ionized species present within the 
pH range studied. The results were interpreted in terms of 
specific hydroxide ion attack on these ionized species; the 
involvement of zwitterionic forms of these species has also 
been proposed to account for the observed behaviour. The 
reaction was found to proceed via carbanion- or ylide-type 
intermediates which are then protonated by the solvent, 
regenerating the catalyst and effecting exchange. Theoretical 
pH - rate profiles have been constructed on the basis of these 
mechanisms and these are found to agree well with the exper­
imental data.
Activation parameters and primary kinetic and solvent 
isotope effects have been obtained for the reaction of the 
protonated molecules with hydroxide ion. The values obtained 
suggest either an extremely product-like transition state 
or the involvement of "internal-return".
Metal ion complexation to the N-7 position of purines 
has been found to be equivalent to protonation or alkylation 
and detritiation occurs via a pathway analogous to that of 
the protonated or alkylated molecules.
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GENERAL INTRODUCTION
A great deal of attention has been given to the study 
of hydrogen isotope exchange reactions involving carbon acids 
such as ketones, nitriles and nitrocompounds. However, the 
activation of -C-H bonds is not only a feature of the presence 
of adjacent ^C=0, -C=N and -NO2 functional groups. In hetero­
cyclic carbon acids, for example, the position and nature 
of the heteroatom(s) affects the rate of proton transfer; 
studies on such systems offer the opportunity of quantitatively 
dissecting the various stabilization effects (inductive, 
coulombic, resonance, J-orbital and s-character effects).^
In addition, studies of hydrogen isotope exchange can be used 
to test theories of primary, secondary and solvent isotope 
effects.
Of the two isotopes of hydrogen, deuterium(2H, D) and 
tritium(3H, T), the latter is radioactive, being a weak £- 
emitter (E = 18 keV) with a half-life of 12.35 years.
IUcIX
2With the advent of liquid scintillation counting, tritium
has largely superseded deuterium in proton exchange studies.
Concentrations of tritium as low as 10 8 - 10 10 atom % can 
be readily detected, permitting the use of tracer concentrations
of the tritiated compounds. This has several beneficial
consequences: (i) Radiation hazards are minimized since radio­
activities are kept to the yCi level. (ii) The fact that
only low concentrations of the tritiated substrate are
necessary means that sparingly-soluble compounds can be studied
(the high substrate concentrations necessary for hydrogen - 
deuterium exchange to be followed using *H n.m.r. makes this 
impracticable). (Hi) From a kinetic viewpoint, under most 
experimental conditions the reactions are likely to be 
pseudo-first-order in nature since the catalyzing species 
will normally be in vast excess over the tritiated substrate.
(^v) The use of an initial rate technique for obtaining the 
rate constant is made possible by the sensitivity of the 
detection method (see Chapter 1). This method necessitates 
approximately 5% of the reaction to be followed and so is a 
convenient means of obtaining rate data for very slow reactions.
Recent interest in tritium has also been a result of 
the development of 3H n.m.r. spectroscopy,^ primarily as a 
non-destructive analytical method for establishing patterns 
of tritium labelling. In principle, 3H n.m.r. offers an 
alternative method of following the detritiation of labelled 
substrates, analogous to that used in hydrogen - deuterium 
exchange studies using *H n.m.r. However, at the present 
time, radioactivities in the mCi range are necessary for 
adequate detection making its use in kinetic studies unattractive. 
Apart from the possibility of radiation decomposition occurring
5
as a consequence of the high tritium content, the cost of 
compounds labelled to high specific activity may be prohibitive. 
Using compounds tritiated to low specific activity is econom­
ically more viable, even over deuterium exchange techniques.
Studies of tritium - hydrogen exchange in heterocyclic
- .4-
compounds containing the imidazole ring (1) have been under 
investigation at Surrey for several years. The work presented
Cl)
in this thesis is an extension of the previous studies on
6 7-9benzimidazoles and purines. Exchange at the C-2 position
in the imidazole ring has been of interest since this site
is situated between the imino("pyridine”) nitrogen atom (N-3)
and the tertiary("pyrrole") nitrogen atom (N-l), and thus
contains the most acidic C-H bond in the molecule.
The imidazole ring is a very important structure 
biologically. The amino acid histidine, an important constit­
uent of many proteins, contains the imidazole function which 
is primarily responsible for the basic sites in protein 
molecules which are actively involved in substrate binding.
In addition, the purines also contain the imidazole moiety. 
Purines serve a number of biochemical functions. Purine 
nucleotides, which are constituents of nucleic acids, are 
actively involved in the base-pairing necessary for nucleic 
acid replication, the participation of the imidazole ring 
being very important in this process. Similarly, the imidazole 
function is found in the coenzymes Coenzyme A and nicotinamide 
adenine dinucleotide(NAD), which are essential participants 
in many enzymatic reactions, and the vitamin B i2. A number 
of the purines are physiologically-active; the alkaloids
- 5-
caffeine, theophylline and theobromine, for example, are 
constituents of tea leaves, coffee beans and kola nuts and 
have a stimulating action in man.
In the present work, attempts are made to identify the 
various species responsible for the isotopic hydrogen exchange 
reactions in imidazoles and purines and to obtain transition 
state parameters for the reactions (Chapter 1). This has 
been achieved by investigating the rates of detritiation 
of selected compounds as a function of pH and temperature.
An extension of the previously-studied compounds has 
led to the investigation of a number of xanthines (Chapter 2) 
which, because of the number of ionized forms known to exist 
in aqueous solution, exhibit more complex behaviour.
In Chapter 3, the complexity of the system is increased 
still further with the introduction of a phosphate group 
into the purine nucleoside molecule, creating the corresponding 
nucleotide. This increases the number of potential ionization 
sites in the molecule.
Finally, in Chapter 4, the effect of added metal ions 
on the rate of detritiation from the C-8 position of a number 
of purines has been examined.
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1.1 INTRODUCTION
The majority of isotopic hydrogen exchange studies have 
been performed on carbon acids which undergo reaction as 
uncharged molecules. Ketones, $-diketones, nitriles, acety­
lenes and sulphones, for example, fall into this category.'*'
\
Proton exchange reactions involving substrates capable of 
existing in various ionized forms have been less extensively 
studied.
Heterocyclic compounds, such as the biologically-
interesting purines, offer a variety of ionized species
which may undergo reaction in aqueous solution. Purine,
for example, formed by the fusion of a pyrimidine and an
imidazole ring, can exist as the neutral molecule (I), the
2 4conjugate acid (2) formed by N-7 protonation (pK = 2.60 ),a
(1) (2) ' (Z)
or conjugate base (z) formed by ionization of H-9 (pK =a
8.94 4> .
Three positions of proton exchange (at carbon) exist in
purine; C-2 and C-6 in the pyrimidine ring, and C-8 in the 
imidazole ring. In many substituted purines, particularly 
those of biological importance, 0 6  carries a substituent 
such as -NH2 (adenine and derivatives) or =0 (hypoxanthine, 
guanine, xanthine, and their respective derivatives). C-2 
and C-8 are therefore the important sites of exchange in 
most purines.
5
An early study established that tritium could be 
incorporated into adenine {4a) by heating with tritiated
NH
R H
b R = Ribose (5)
water in the presence of a platinum catalyst at 100°.
Although the distribution of tritium in the molecule was
6not determined, subsequent work has shown that H-8 exchanges
c
faster than H-2. Ts’o and co-workers, in assigning the
1H n.m.r. spectrum of purine, found that purine exchanged
its H-8 merely by heating in D20 at 105° for 4 hours, so
dispensing with the need for a platinum catalyst. The
product of the exchange reaction was identical with that
obtained by the desulphurization of 8-mercaptopurine (5)
6with deuterated Raney nickel. Further confirmation of these
7
findings was provided by Bullock and Jardetzky who unambig­
uously synthesized [8- 2H]purine by ring closure of 4,5-diamino-
pyrimidine (6) with [2H 2]formic acid. Hypoxanthine (7a), 
inosine (7b) , adenine, adenosine (4b) and 6-chloropurine (8)
Cl
N H N
0
NH. N'
(6)
*N
R
C.N ‘N
H
(7) a R = H (8)
b R = Ribose
were also found to exchange H-8 by heating in D 20 at 100
7
for 10-20 minutes. The latter two compounds, together
8with 7- and 9-benzyladenine, were also shown to undergo 
exchange at C-8 in D 20/dimethylformamide mixtures at elev­
ated temperatures. With 3-benzyladenine, however, exchange
8 9at both C-2 and C-8 was observed. Bergmann and Zeiman
observed hydrogen - deuterium exchange in substituted
hypoxanthines and found both H-2 and H-8 exchange in 3-methyl-
hypoxanthine (9), the former being faster. Recent work^°
has been performed in order to rationalize these seemingly
anomalous findings.
Fritzsche^ used the difference between the stretching 
frequencies for C-H and C-D in the infra-red spectrum to
(9)
Ribose
(10) a R = H
b R = CH3
demonstrate hydrogen - deuterium exchange in adenosine and 
guanosine (10a) and the corresponding residues in DNA.
12
Shelton and Clark reported the,tritiation of purines/ 
by heating at 100° for 5.5 hours in tritiated water. This 
led to many studies on the tritium labelling of purine 
nucleotides, polynucleotides and nucleic acids (see Chapter 
3 and references given therein).
Unlike the proton transfer reactions involving ketones, 
etc., two approaches have to be made when considering the 
mechanism of exchange in purines. The first is to identify 
the species responsible for exchange and, secondly, to 
establish the means by which exchange occurs.
In aqueous solution, the species actively involved in 
the proton transfer reaction are usually identified from 
the effect of pH on the exchange rate. Having shown that, 
in p ,8- 3H2] adenine, the C-8 tritium atom exchanges approx­
imately 2000 times faster than that at C-2, Jones and co- 
13workers studied the detritiation of several [8- 3h]- labelled 
purines at 85°.3/14,15 r^gy also investigated [2- 3H]benz- 
imidazole (11), a simple purine analogue, the detritiation 
of which resulted in a bell-shaped pH - rate profile, with
(11) (12) a X = S
b X = NR
inflections at the pH values 4.6 and 11.5 (corresponding to
the pK values for protonation at N-3 and deprotonation at
3i
16N-l, respectively). The results were essentially the same
as those obtained from hydrogen - deuterium exchange studies
17 18at the C-2 position of thiazole (12a) , thiazolium salts,
19-21and imidazoles (12b) , which made possible the assignment
of an analogous mechanism. This involves rate-determining 
hydroxide ion attack on the conjugate acid, formed by proton­
ation of N-3 (imidazoles, benzimidazoles and thiazoles) or 
N-7(9) (purines), giving rise to an ylide intermediate. 
Reprotonation of the ylide by the solvent completes the 
exchange and regenerates the catalyst in a fast step. This 
reaction sequence is shown in Scheme 1.1. Support for this,
+ HTOslow
H + OH
S cheme 1.1
rather than other kinetically-equivalent medhanisms (involving
hydronium ion- or water-catalyzed detritiation of the anionic
16or neutral species, respectively) comes from the finding 
that detritiation of the 1,3-dimethyl [8-3hJ benzimidazolium 
ion (13) is specifically hydroxide ion-catalyzed, the second- 
order rate constant being close to that found for 1-methyl- 
benzimidazole which, incidentally, cannot form an anion.
The rate decrease observed at high pH for benzimidazole was 
ascribed to the production of a negative charge a to the
site of exchange, making hydroxide ion attack unfavourable. 16
Overwhelming evidence exists for ylides. as intermediates
22 23m  such reactions. Ugai et al. and Tomasz found that ’ 
1,3-dimethylbenzimidazolium iodide and 7-methylguanosine (14) 
respectively, catalyze the benzoin condensation, as shown
CHo CH
N
2
Ribose
(13) (14)
24
in Scheme 1.2. Similarly, Breslow found that 1,3-dimethyl- 
benzimidazolium salts also catalyze the acetoin condensation.
C 6H 5CHO
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+
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Scheme 1.2
The decarboxylation of purine-8-carboxylic acids is 
25also believed to proceed via ylide intermediates. Purine-. 
8-carboxylic acid {15) , for example, is very rapidly decarbox 
ylated in boiling w a t e r ; t h e  anion and the 6-isomer are
stable. 11
carboxylic acid [16)
Similar effects have been observed with caffeine-8- 
26
[17) .
27
and benzimidazole-2-carboxylic acid
25The generally-accepted mechanism (Scheme 1.3)
CH
(15). (16) (17)
involves a zwitterion intermediate which loses carbon dioxide 
giving rise to an ylide. Molecular orbital calculations
.N%
//
0
H
.N,
-N'
I
R
\
o
OH •N/
I
R
"CO:
Scheme 1.3
H
I
'N \+)-n /
I
R
H
•N
I
R
also indicate that the ylide is the most likely intermediate
2om  the proton exchange reactions.
In their detritiation studies on [8- 3h]-labelled purines, 
28Tomasz et al. were able to establish the presence of a
second mechanism of exchange in guanosine which is important
at high pH. This was not observed for adenosine and 1-methyl-
28guanosine [10b). This additional exchange route was inter­
preted as being analogous to the low pH mechanism (Scheme 1.1) 
but involving the guanosine zwitterion [18) , the formation
of which is ruled out for adenosine and 1-methylguanosine.
28The proposed reaction sequence is shown in Scheme 1.4. A
Ribose Ribose
(1 Oa) slow
Ribose
HoN
Scheme 1.4
similar suggestion has been advanced by Lichtenberg and 
29
Bergmann to explain the exchange behaviour in hypoxanthines.
A closer examination of the detritiation of adenosine
14enabled Jones and co-workers to identify a second reaction 
pathway, at high pH, involving the neutral adenosine molecule 
(Scheme 1.5), this time via a carbanion intermediate. Similar 
behaviour was reported for 9-substituted purines, whereas 
purine itself underwent exchange only as the protonated
3
molecule, a bell-shaped pH - rate profile being obtained.
NH;
N,
sS.
'Nv OH
•N" slowN 
I
Ribose Ribose
H + OH
Scheme 1.5
2The site of protonation in purine is uncertain but it was 
argued that, for a mechanism consistent with that found for
imidazole and benzimidazole to be invoked, N-7 prptonation 
must occur (to some extent).
Some doubt still exists concerning the species respons­
ible for the second pathway in guanosine and related compounds
2 8 30Some workers favour the zwitterion pathway (Scheme 1.4) '
16whereas others support a mechanism involving the neutral 
molecule (Scheme 1.5). Both pathways are kinetically- 
indistinguishable.
An added complication has arisen with the finding of
another exchange pathway for compounds containing an ionizable
^NH group in the pyrimidine ring and an N-substituent in the
imidazole ring. This new pathway is believed to involve
31the anionic purine molecule. Thus, Salih has observed a 
rate increase for the detritiation of 6-mercapto[8- 3H]purine 
riboside (19) at pH values much higher than are necessary
K
Ribose Ribose
(2 0)
for anion formation, due to reaction of the anionic molecule 
(20) with hydroxide ion. Similar findings in the case of 
theobromine (21) and paraxanthine (22) are reported in Chapter
2. The mechanism of this exchange reaction is given in Scheme
1.6 for the detritiation of [8- 3H]theobromine. A further 
reaction, involving the xanthosine dianion (2d) has also 
been observed in the present work (Chapter 2).
- 1 / -
0
HN
O ^ N
CHq 
I. J
NT
CH3
(2 1)
H
0
Ribose
(2 2 ) (23)
From the studies on the variation of exchange rate with 
pH, identification of the ionized species responsible for
0 CH3
■Nx
N*" OH
0 CH3
Nx
N"
slow
O ^  N N O
H? 0
O CH3 
'N>
N
// fast 
n'" o nAA//N N 'H + OH
CH3 ch3
Scheme 1 .6
CH3
proton transfer in purines has been possible; the reactions 
have been shown to be first-order in both lyate ion and the 
particular ionized species.
Estimates of the pK for the reactiona
R
I
'N v 
+
'X
K
+ OH
R
I
'N\A. + H 20
13 18 32have been made ' ' assuming protonation of the ylide is
diffusion-controlled; values in the range 18-21 at 25° have 
been obtained.
Very little data on the effect of salt concentration
on the rates of C-8 isotopic hydrogen exchange in purines
has been forthcoming; the results for systems similar in
nature to the purines all indicate a very small dependence
17 33on ionic strength, ' which is not in line with the
predictions of the Debye-Huckel theory for reactions between
3 4
oppositely-charged univalent ions.
One of the most powerful tools in mechanistic studies
of hydrogen isotope exchange is the measurement of isotope
effects, particularly primary kinetic isotope effects. As
with the salt effect studies mentioned above, very little
effort has been given to the determination of isotope effects
for exchange at C-8 in purines, in spite of their importance
in unravelling the mechanism of the proton transfer step.
H T 3The low value obtained for purine (k /k = 3.8) appears to
be a common feature of hydrogen isotope exchange reactions
18involving heterocyclic compounds. Kemp and O'Brien obtained
H T ok /k. values of 2.7 and 5.8 at 30 for hydroxide ion-catalyzed
C-2 hydrogen exchange in 3-benzyl-4,5-dimethylthiazolium
bromide and 3-benzylben2othiazolium bromide, respectively,
and kH/kT for 3-methylthiazolium iodide is 5.2 at 2 8 ° . ^  The
isotope effects, together with the reported Bronsted 8 coeff-
18icients of close to unity (consistent with specific hydroxide 
ion catalysis) have been ascribed to the formation of a 
product-like transition state. An alternative explanation 
has been given in terms of the "internal-return" mechanism 
(Scheme 1.7) in which a pre-equilibrium is followed by rate-
36' 30determining separation of the hydrogen-bonded complex.
_ k 1 k 2
C— H* + OH ^==-.r. : ■ C •••.-H*OH —  - - ---► ' c ' + H*OH
k_i
Scheme 1.7
The observed Arrhenius activation energy, E , fora
exchange at C-8 in a number of purine and similar systems 
has been measured, although most of the measurements have 
been restricted to exchange involving the protonated molecule. 
Values in the range 21-25 kcal mol 1 have been reported for
adenine,^ ^  i m i d a z o l e , t r i a z o l e , ^  adenosine 5'-mono-
4 1 4 2  43 43phosphate, ' caffeine, and theophylline. In addition,
4 3 obsJelinska and Sobkowski have measured E for the detrit-a
iation of [8- 3 xanthine (24) at pH 12.6, due to exchange
involving the neutral (or zwitterionic) xanthine molecule
4 4
(see Chapter 2). Other workers have reported similar values
x
for purine nucleosides in D 20/DMS0 mixtures. The corresponding
observed entropies of activation, were all found to
14 44be fairly large and negative. r
When the corresponding second-order rate constants for 
the reactions involving the protonated. substrates were
14
calculated, Jones and co-workers found for adenine an 
activation energy of 16.5 kcal mol 1 and a AsJ of +7 cal K 1 
mol 1.
Maslova et al.^° found a linear relationship between
the second-order rate constant for detritiation at the C-8
position and the pK for protonation at N-7 for a number ofa
imidazoles and purines. This demonstrates that as the acidity 
of N-7 increases, the more facile exchange at the C-8 position 
becomes.
The present study has been undertaken in order to gain 
a fuller understanding of the hydrogen isotope exchange 
processes occurring at the C-8 position of purines. The 
detritiation of 1-methyl[8- 3H]guanosine and 1-methyl [8- 3H]-
15
inosine (25b) is compared with their parent nucleosides, 
guanosine and inosine (25a), repectively. Such a comparison
0
Ribose
(25) a R = H
b R = CH3
will help in resolving whether the zwitterionic or neutral 
molecules are responsible for the observed behaviour in 
guanosine and related compounds at high pH'. The detritiation 
of 7-methyl [8- 3 guanosine has also been studied because of 
its resemblance to the N-7-protonated guanosine molecule; 
Arrhenius data are presented and compared with that obtained
for 1-methylguanosine.
The detritiation of [2-3h]imidazole is included to 
illustrate the manipulation of the observed rate data used
throughout the present work. Using a combination of XH n.m.r. 
and detritiation techniques, the tritium isotope effect 
associated with isotopic hydrogen exchange from the C-2
been extended to include exchange at C-8 in adenosine 5'- 
monophosphate (26).
1.2 EXPERIMENTAL
1.2.1 Materials
The unlabelled compounds used in this study were 
commercially available; imidazole was obtained from BDH and 
1-methylguanosine, 7-methylguanosine and 1-methylinosine were 
obtained from Sigma.
position of imidazole has been obtained at 85°. This has
Ribose 5 ' - phosphate
(26)
1.2.2 Preparation of Tritiated Compounds
The tritium-labelled compounds were prepared by
homogeneous exchange with tritiated water. Typically, a
small amount of the compound (ca. 30 mg) was dissolved in
tritiated water (The Radiochemical Centre, Amersham; 20 yl;
5 Ci ml *) and incubated at 85° for 18 hours. The solvent
was then removed by lyophilization (see below for details
of apparatus), and a small amount of water added to the
resultant solid to exchange labile tritium which was then
again removed by lyophilization. This process was repeated
until the radioactivity of the lyophilized water was negligibly
small. In the case of 7-methylguanosine, due to the fast
23 32rate of exchange at neutral pH, ' the exchange was carried 
out at 25° and the pH was lowered to 4 with potassium hydrogen 
phthalate solution (0.1 M) prior to lyophilization. This 
ensured that little tritium was lost from the C-8 position
during subsequent washing to remove labile tritium. Under
r s n  19-21these conditions, the formation of [_2- 3HJ imidazole,
7-methyl [8- 3H] guanosine,23/32 1-methyl [8- 3H] guanosine,45 and
1-methyl [8- 3H] inosine45 was achieved. [2-3H] Imidazole was
recrystallized from ether.
Throughout the work, n.m.r. and u.v.-visible spectro­
scopy were used to show that no decomposition occurred under 
the tritiation bonditions. Fig.1.1 shows a comparison of 
the *H and 3H n.m.r. spectra for 1-methyl [8-3h] inosine but, 
unfortunately, coincidence of the H-2 and H-8 signals rules
1-Methytinosine H
H-2.8
1-M»thylinosin»
Fig.1.1 A comparison of the *H (90 MHz) and proton-decoupled 
3H (96 MHz) spectra of 1-methyl [8- 3Hj inosine in D 2O 
(DSS internal standard).
out the possibility of unambiguously assigning the position
of labelling. However, under similar experimental conditions,
46Ts'o and co-workers have shown that H-8 only is exchanged.
1.2.3 Preparation of Reaction Solutions
Throughout the present work, buffer systems of known 
temperature-dependence have been employed. This was considered
essential since the majority of the measurements were made 
at 85°. The buffer systems, together with the pH range 
covered, are listed in Table 1.1. The reaction solutions
Table 1.1
47 aReaction solutions used throughout the present work. '
Buffer system d pH b 
dT
For p H (85°), 
modify p H (25°) 
by
Useful p H (85°) 
range
HCl (1 - lo"1^ ) 0 0 0 - 2
Potassium hydrogen 
phthalate (0.1 M) / 
HCl (0.1 M) 0.002 +0.12 2.3 - 4.1
Acetic acid (0.2 M)/ 
sodium acetate 
(0.2 M) 0.0002 +0.01 3.6 - 5.6
Potassium hydrogen 
phthalate (0.1 M)/ 
NaOH (0.1 M) 0.002 +0.12 4.2 - 6.0
KH2PO4 (0.1 M)/ 
NaOH (0.1 M) -0.0028 -0.17 5.6 - 7.8
Trisc (0.1 M)/ 
HCl (0.1 M) -0.028 -1.70 5.3 - 7.3
Sodium borate (0.025 
HCl (0.1 M)
M) / 
-0.008 -0.48 7.5 - 8.6
Sodium borate (0.025 
NaOH (0.1 M)
M)/
-0.008 -0.48 8.7 -10.3
NaOH (10“2- 1 M) — -1.50 10.5 -12.5
c l
Except for the HCl and NaOH solutions, the ionic strength 
^of these buffers was in the range 0.01 - 0.1 Af. 
cThe temperature-dependence of the buffer systems..
Tris(hydroxymethyl)aminomethane.
were made up using freshly boiled-out deionized water.
Sodium hydroxide solutions were standardized against potassium 
hydrogen phthalate solutions using phenolphthalein as indicator.
Hydrochloric acid solutions were standardized against sodium 
hydroxide solution using methyl orange as indicator. pH 
Measurements were made at 25° on a Radiometer 26 digital 
readout pH meter, buffered at pH 4.00 (0.050 M potassium 
hydrogen phthalate solution) and 9.18 (0.010 M sodium tetra­
borate solution). No additional salt was added to the reaction
solutions to maintain a constant ionic strength, since the
17 35rates of the reactions under study are known ' to be only 
slightly dependent on ionic strength up to approximately 
0.5 M.
1.2.4 Kinetic Procedures
(a) Measurement of Rates of Detritiation.
Loss of tritium from a labelled compound can be followed
in two ways. Firstly, to isolate the compound and measure
its radioactivity as a function of time, or, secondly, to
measure the release of tritium into the solvent as a function
of time. The latter approach has been used throughout the
present work. Since all of the reactions have been performed
in aqueous solution, the method of separation used was to
freeze-dry (lyophilize) the reaction solution containing the
labelled compound and assay the water formed for tritium.
The technique and underlying principles of the method have
48already been described in detail, but for completeness, a 
brief account is given below.
In a typical run, a small quantity of the labelled 
compound is first dissolved in the thermostatted reaction < 
medium (total volume ca. 10 ml; substrate concentration <
10 k M ). Aliquots (ca. 0.5 ml) of the solution were with­
drawn at suitable time intervals. Each aliquot was immediately 
frozen in flask A (containing ca. 0.1 g of sodium chloride) 
of the freeze-drying apparatus (Fig.1.2), by rotating it in
a  To vacuum pump
Flask containing 
frozen m aterial
Fig.1.2 The freeze-drying apparatus.
a Dewar flask containing liquid nitrogen. The sodium
chloride was found to be necessary in order to prevent solid
particles being drawn over with the water vapour during
48lyophilization* The apparatus was assembled as shown in 
Fig.1.2 and connected to a vacuum pump and evacuated with
flask A immersed in liquid nitrogen. When the apparatus
was fully evacuated (to ca. 0.05 torr), the stopcock B was 4
closed, isolating the system, and the condenser tube C
immersed in liquid nitrogen. Flask A was removed from the
liquid nitrogen and allowed to attain room temperature.
Sublimation of the ice from flask A to the condenser C
effected the necessary separation. When lyophilization was
complete, the vacuum was released by opening B and the melted
ice in C assayed for tritium using liquid scintillation 
49counting. Aliquots (0.1 ml) of the melted ice from C 
were added to 2 ml of NE 250 liquid scintillator (Nuclear 
Enterprises Ltd.) which is capable of accepting 20% w/v 
of water with a counting efficiency of 18%. A Beckmann LS 
100 liquid scintillation counter was used to give a measure 
(a^ in counts min *) of the tritium content of each sample 
taken during the kinetic run. Sufficient counts were taken 
to give a high statistical accuracy.
(b) Measurement of Rates of Deuteration
Rates of carbon-hydrogen bond cleavage in D 2O were 
measured by following the decrease in the particular signal 
in the n.m.r. spectrum with time. A typical experiment 
consisted of thermostatting D 20 (5 ml; Ryvan Chemical Co., 
99.8% isotopic purity) at 85° and adding a known weight of 
imidazole (purified by vacuum sublimation) or adenosine 5'- 
monophosphate (disodium salt from the Sigma Chemical Co.). 
Aliquots (ca. 0.5 ml) were removed at suitable time intervals,
placed in n.m.r. tubes and immediately frozen in liquid
nitrogen. The JH n.m.r. spectra were then recorded using
an Hitachi-Perkin Elmer R24 60 MHz instrument, operating
at ca.35°. For imidazole, the peak height of the C-2 proton
was compared with that of the 0 4  (5) protons, as non-exchanging
internal standards. Similarly, for 5'-AMP, the 0 8  proton
48signal height was compared with the 0 2  proton signal.
In each case, the ratio R (= {height of exchanging proton
signal}/{height of non-exchanging internal standard}) was
used as a measure of the extent of reaction. The use of
peak heights and not areas was justified by measuring the
relative 0 2  proton signal heights for imidazole solutions
3 48from 0.01 - 0.5 A/. ' In the isotope effect determinations, 
parallel detritiation reactions were carried out in the same 
medium.
(c) Analysis of the Kinetic Data.
The reactions described above were all carried out under
conditions of constant pH in buffer solutions and, as a
result, the kinetics will follow pseudo-first-order behaviour
50
and eq.(l.l) will be obeyed. ^obs ;*'s t*ie Pseuc^0“first-
- a[x]
Rate = ----  = k [x] (1.1)
dt
order rate constant. Integration of eq.(l.l) gives (1.2),
in which [x] ■ and, [x] t represent the initial concentration 
of substrate X in solution and the concentration at time t, 
respectively. In the particular case of the detritiation 
reaction where the radioactivity of the solvent is followed,
[X] « a^, the radioactivity of the solvent after complete
exchange, and [x] ^  « (aw - a^) , the amount of tritium released 
from the compound after time t. E g.(1.2) thus becomes
In
a co
a - a,L 00 tJ
k , t (1.3)obs
showing that a plot of ln(aoo - a^) against t should give a 
straight line of slope ”k ks »
Reactions were normally followed over at least two 
half-lives, the infinity sample being taken after ten half- 
lives had elapsed. By taking advantage of the fact that 
the substrate was present in very low concentrations, it 
was found that the efficiency of counting an unseparated 
aliquot of the reaction solution was the same as that for a 
tritiated water aliquot of the same volume. This was not 
possible, however, when the reaction media contained HCl or 
NaOH since considerable quenching occurred. Evaporation was 
shown to be negligible over the course of a kinetic run from 
the constancy of the tritium count of unseparated aliquots.
A typical set of results to illustrate this procedure are 
given in Table 1.2 and Fig.1.3 for the detritiation of 
1-methyl [8- 3H] guanosine in 0.05 M NaOH solution at 85°. The 
experimental accuracy using such a procedure was ±3-5%.
Table 1.2
The detritiation of 1-methyl [8- 3h] guanosine in 0.050 M 
sodium hydroxide solution at 85° (illustrating the conven­
tional method of obtaining the rate constant).
t/min
at <a„ - V - at)
/counts min 1
0 9300 302200 12.619
10 64000 247500 12.419
20 109800 201700 12.215
30 146800 164700 12.012
40 172700 138800 11.841
50 202200 109300 11.602
60 223200 88300 11.389
80 255700 55800 10.930
00 l 
00 2
309100 L K n n  
314000 /31150°
00 (reaction 314200
solution)
Slope of plot shown in Fig.l .3 = -k , obs =~3.42 x 10~k s"1.
k , = obs  3.42 x 10  ^ s"1.
A similar treatment was applied to the n.m.r. deuteration 
studies. In this case, the loss of proton signal is measured 
as a function of time. Thus, Txl «. r  - r  and Txl «■
*- J O O oo L J t
where Rq , R^ _ and R^ represent the ratio of the peak 
heights of the exchanging proton to the non-exchanging 
internal standard initially, at time t, and at infinite time, 
respectively. Thus eg.(1.4) follows. Assuming complete
12.7
12.5
12.3
12.1
11.9
11.1
10.9
0 20
t I min
Fig.1.3 Kinetic plot for the detritiation of 1-methyl £8- 3h] 
guanosine in 0.050 M sodium hydroxide solution at 85
deuteration occurs, i.e. R = 0, this reduces to e q . (1.5).
In ---- = k , t (1.5)
obs
Rt
Thus, a plot of In against t should be linear of slope 
-kobs* Such a plot is shown in Fig.1.4 from data given in
Table 1.3
The deuteration of imidazole in D20 at 85° 
0.602 M .
[imidazole] =
t/min Peak heights /cm
H-2 H-4 (5)
height(H-2) 
Rt height(H-4) log R, i o t
+
constant
0 5.05 16.80 0.300 1.477
1.5 4.40 19.80 0.222 1.346
3 3.85 18.60 0.207 1.316
4.5 3.15 19.40 0.162 1.209
6 2.75 20.25 0.136 1.133
7 2.20 19.00 0.116 1.064
9 1.70 18.80 0.0904 0.956
12 1.28 20.25 0.0632 0.801
00 0 18.95
Slope of plot shown in Fig. 1.4 = ~kobs/2 • 303 =-9.55 x 10~V
H
"obs = 2.20 x 10
crj * O
JQ
O
of"
cno
_l
(_o
C -T C -Da
i
eo
CDO
-J
0 10 20 30
t / min
Fig.1.4 Kinetic plots for the deuteration of imidazole (O) 
and the detritiation of [2-3h] imidazole (•) in D20 
at 85 . Both runs were performed simultaneously 
and the isotope effect, k /k , evaluated.
Table 1.3 for the deuteration of imidazole in D20 at 85°. 
Corresponding data for the detritiation under identical 
conditions are also shown.
Kinetic runs with half-lives greater than six. hours
were too slow to follow conveniently using the conventional
51-53method outlined above, and so an initial rate technique 
was used. Eq. (1.3) can be rearranged to give eg. (1.6) .
In
1 -
k , t obs (1 .6)
For a small extent of reaction, a,/a is small, and ast'' C O
ln(l - x) = -x for small x, eq. (1.6) reduces to (1.7). A
k , t obs (1.7)
plot of a^ against t should thus be linear, with slope
a k , . This zero-order rate constant can then be converted00 obs
to the first-order rate constant, by dividing by a^.
Usually, higher concentrations of the tritiated compound 
are required (resulting in greater Aat values and hence 
greater precision), the reactions only being followed to at 
most 5% completion. Obviously, the presence of trace 
impurities which undergo detritiation more rapidly than the 
substrate will affect the initial rate kinetic behaviour.
It was customary, therefore, to check that the results 
obtained by this method agreed with those obtained conven­
tionally. In all instances where this comparison was made, 
excellent agreement was obtained.
An example of the use of the initial rate method is 
the detritiation of 1-methyl[8- 3h]guanosine in deionized 
water at 50°. The results are presented in Table 1.4 and 
plotted in Fig.1.5.
Table 1.4
The detritiation of 1-methyl []8- 3H] guanosine in deionized 
water at 50 (illustrating the initial rate method of 
obtaining the rate constant).
t /min at /counts min 1
527
1550
2002
2874
3553
4627
5910
6795
7693
2 5 1 0 0 0 V  o q o o n n
253600J 252300
From the plot shown in Fig.1.5,
Slope = ko^saoo = 1.706 (counts min M s  1 
k ' = 6.76 x 10“ 6 s” 1.
0
10
15
24
30
40
50
61
70
86
Slope = 1.706 counts min-
2
0
7060503020100
t / min
Fig.1.5 Kinetic plot for the detritiation of 1-methyl [8- 3h]- 
guanosine in deionized water at 50 , illustrating 
the use of the initial rate method of obtaining 
the rate constant.
1.2,5 Ionization Constants
Throughout the present work, kinetic measurements have 
been made at 85°. Invariably, the relevant ionization 
constants reported in the literature refer to a temperature 
of 25°. Ionization constants of organic bases vary apprec­
iably with temperature, and the usual change for the reaction
54 55is a decrease in pKa with increasing temperature. Perrin '
has proposed a semi-empirical equation for nitrogen base
systems of the type B/BH+ (eq.(1.8)) which predicts the
temperature coefficient, d pK /dT, of the pK ’s (eq.(1.9)).a a
d pK pK (T) - 0.9
- ---- - =  ----------------------  (1.9)
dT T
In eq.(1.9), T is the absolute temperature at which pK (T)a
. 56
is measured. For dications, eq.(1.10) is applicable.
_
dT
When applied to the simplest heterocycle in the present 
study, imidazole, pK (298) = 7.10,^ hence d pK /dT =ci 3.
-0.0208 K 1. At 85°, therefore, pK (358) = 7 . 1 0  - (60 xa
0.0208) =5.85.
1.2.6 Stability of the Methylated Purines in Acid and 
AIkali
pKa (T)
(1.10)
As a consequence of the high temperatiire (85°) necessary 
to achieve convenient rates of exchange, it is necessary to 
be satisfied that no decomposition of the substrate occurs
under the reaction conditions. In common with many purine 
nucleosides, 1-methylguanosine, 7-methylguanosine and
1-methylinosine would be expected to hydrolyze under conditions
58 5 9 6 0of high temperature and very low pH. Zoltewicz et al. '
suggest that cleavage of the purine-ribose bond is specifically
acid-catalyzed. Although no studies have been performed on
the acid-catalyzed decomposition of 1-methyiguanosine,
data for guanosine indicates that at 100° the half-life
for hydrolysis is ca.10 minutes at pH 2.8 and ca. 20 hours 
59at pH 4.5. Similarly, for inosine, the acid-catalyzed
hydrolysis at 80° has a half-life of 27 hours at pH 3 and
615 hours at pH 2.1. This latter value is of the same order
15as the detritiation rate constant. The acid hydrolysis
of 7-methylguanosine to 7-methylguanine and ribose has been
studied by Zoltewicz et a l . ^  at 100°, the half-life at
pH 4 being ca. 25 minutes. At higher pH (>pK = 7.1),a
32decomposition occurs, presumably giving a ring-opened 
product. In the present study, however, thb pH range chosen 
(because of the convenient exchange rates) lies well within 
the region where 7-methylguanosine is stable. The hydrolysis 
behaviour of the 1-methylnucleosides under alkaline conditions 
has not been studied previously, but the kinetic plots 
obtained in the present study indicate that, throughout the 
course of the reactions, no decomposition of substrate occurs. 
U.v. spectral data confirmed this result.
1.3 RESULTS
1.3.1 Treatment of First-Order Kinetic Data
As an example of the analysis of the pseudo-first-order 
rate data, the results obtained for the detritiation of 
[2-3h] imidazole at 86.0 ±0.2° are considered below. The data 
are listed in Table 1.5 and plotted in the form of a pH - rate
Table 1.5
Rates of detritiation of [2-3h]imidazole in aqueous buffers 
at 86.0 ± 0.2 .
p H (25°) p H (86°) I0 4k , / s 1 obs '
3.00 3.00 0.017
3.60 3.60 0.096
3.96 3.96 0.176
4.53 4.53 0.484
4.89 4.89 1.61
5.08 5.08 2.07
5.60 5.60 5.96
5.71 5.71 6.98
9.00 7.32 15.4
10.89 10.72 14.8
12.05 10.55 14.5
13.07 11.57 15.0
13.70 12.20 11.9
14.07 12.57 7.95
14.41 12.91 4.71
profile in Fig.1.6. The rate is seen to increase with
increasing pH until a pH-independent region is obtained; at
much higher pH, the rate decreases. Such behaviour is in
20 21agreement with the deuteration studies on imidazole, '
1-methylimidazole"^ and benz imidazole and is consistent 
with a mechanism involving hydroxide ion attack on the 
imidazole conjugate acid in the rate-determining step.
-9 10'
u10 12862
pHlat 86°)
Fig.1.6 pH - Rate profile for the detritiation of [~2-3h]-
imidazole in aqueous buffers at 86°. The drawn curve 
is computed using eq. (1.16).
If ImH, ImH2+ and Im represent the neutral imidazole 
molecule, its conjugate acid, and its conjugate base, respect­
ively, then we have
Rate = ko b s M T  = k+CImH2+] [°H_]
where [[ini] ^  is the total substrate concentration in solution,
T
which is given by e q.(1 .12) and k+ is the second-order rate 
constant associated with this mechanism.
[lm]T = [ImH 2 +] + [ImH] + [im ] (1.12)
If K is the acid dissociation constant of ImH2+ and a .
K ' that of ImH, eqs. (1.13) and (1.14) follow, a
Ka = [ImH] [H+] /[lmH2+] (1.13)
K ' = [lm~] [H+] /[ImH] (1.14)
Substitution of eqs.(1.13) and (1.14) into (1.12) and 
solving for [lmH2+] gives eq.(1.15).
[ImJ T
[lmH2+] = -  - (1.15)
1 + - 2-  + a
[H+] [H+] 2
Substituting eq.(1.15) into (1.11) and rearranging gives
T  k ~K + w
k =     . (1.16)
ODS K K '
K + [H ] +
[H+]
Eq. (1.16) predicts three distinct regions: (i) At very low 
pH, where [h+J>> >> K ^ 1, eq.(1.16) reduces to (1.17) and
indicates that a plot of ko^s against [OH ] should produce
a straight line, the slope of which yields k+ . Fig.1.7
«P —
shows such a plot with k+ = 6.00 x 103 1 mol 1 s 1 , and the
2
t/»
_ao
o
1
m or's
0
2 30
10® [OH-] I mol I"'
Fig.1.7 Plot of k , against [OH J for the detritiation of 
[2-3h]imi8azole at low pH at 86°.
fact that the line passes through the origin is clear
evidence of overwhelming hydroxide ion catalysis. (ii) At
intermediate pH, corresponding to the plateau region in
Fig.1.6, when K >> fH+l >> K 1, eq.(1.16) reduces to (1.18). a a
TA knowledge of either k+ or K thus enables the other to
be evaluated. In the present case k+ has been evaluated
in (i) and by using eq.(1.18) and ko^s = 1.50 x 10 3 s 1
in the plateau region, K is found to be 1.26 x 10 6mol 1 1a
(pK = 5.90). The usual method is to first evaluate K andci a.
Tthen find k+ by using eq. (1.18). To evaluate from the
rate data, one of two methods can be adopted. In the region
of the ionization of ImH2+ , eq.(1.16) reduces to (1.19).
T 
kTK + w
kobs =  —  (1-19)
Ka + D1 J
The relative rate, r, can be defined as the rate relative
Tto that on the plateau (i.e. relative to k . = k,K /K ).* obs + w  a
This leads to e q.(1.20). The first method utilizes the fact
k+ V (Ka + CH+])
r =    (1.20)
k^ K /K + w a
that when pK = pH, r = 0.5. By inspection of the pH - rate a
data, an estimate of the pH when r = 0.5 can be made, this
being the pK of the ionization process. This has been the a
method used most frequently throughout the current work.
The second approach involves rearranging eq.(1.20) to give 
(1.21). Taking logarithms leads to eq.(1.22) from which a
r [H+]
K =   . (1.21)cl
1 - r
-43-
PH pKa + log
1 - r
(1.22)
plot of pH against log{r/(l - r)} should have unit slope
and an intercept at pH = 0 of -pK Such a plot is showna
for the detritiation of [2-3H] imidazole in Fig.1.8 and the 
pK^ is found to be 5.90. (Hi) At high pH, when Ka >> K 1 >>
6
5
3
CL
2
1
pKQ =5.90
0
7 6 5 2 13 0
Log I r/{1 - r )] 
io
Fig.1 .8 Plot of pH against logi0{r/(l - r)} for the
detritiation of [2- 3HJ imidazole at 86 according 
to eg. (1 .22).
[H ] holds eq. (1.16) reduces to (1.23) which can be expressed
kobs .+
(1.23)
Ka < [H ] + V  )
as a relative rate, as in eq. (1.20), leading to eq. (1.24) .
-44-
[«+]
r =   (1.24)
[»+] + V
Thus, once again, inspection of the pH - rate behaviour will
enable the pH for which r = 0.5 to be found, this value
being the pK 1 for the second ionization process, a
Throughout the whole of this work, second-order rate
constants and pK^ values have been evaluated using these
basic methods. Once these values have been obtained,
theoretical pH - rate profiles can be drawn and a comparison
of the profile with the experimental data used as confirmation
of the correct assignment of mechanism. The curve drawn
for the imidazole data (Fig.1.6) utilizes eq. (1.1.6), together
with the values: k'f = 6.00 x 103 1 mol 1 s 1 , pK = 5.90+ ' * a
and pK ' = 12.70. If the literature pK values at 25°, 7.10 a a
57 oand 14.2, respectively, are adjusted to 86 using the
Perrin equation, values of 5.85 and 11*50 are obtained, the
former being in good agreement with the present finding.
That the latter is over 1 pK unit lower than obtained fromc a
the detritiation study is not surprising since the Perrin 
equation applies strictly to ionizations of the type shown 
in eq. (1 .8).
To demonstrate the effect of high salt concentrations 
on the rate of detritiation of [2- 3hJimidazole, runs were 
performed at 85.0 ± 0.1° in borax buffer solutions (pH at 85° 
= 8.70) containing various amounts of sodium perchlorate.
The results are presented in Table 1.6.
Table 1.6
Effect of added sodium perchlorate on the rate of detritiation 
of [2-3h]imidazole in borax buffer (pH = 8.70) at 85°.
[NaC10j/M ,103 k , /s 1 obs'
0 1.34
1.218 1.28
4.520 1.17
1.3.2 Detritiation of the Methylated [_8-3 H~]Nucleosides
The detritiation of 1-methyl [8- 3H] guanosine and 1-methyl- 
[8- 3h]inosine has been studied over the pH range 1.4 - 12 
at 85°. The results are shown in Table 1.7 and plotted in
Table 1.7
Rates of detritiation of 1-methyl [8- 3Hjguanosine (10k) an^ 
1-methyl[8- 3H] inosine {2 5b) in aqueous buffers at 85 .
pH (25°) p H (85°)
105k , /s_1obs'
(10b) (25b)
1.45 1.45 4.33
1.81 1.81 8.05
1.84 1.84 6.76
2.00 2.00 7.52
2.13 2.13 8.67
2.69 2.69 7.49
2.80 2.80 16.4
3.11 .3.11 8.28
4.01 4.10 19.0 9.36
19.7 9.06
6.48 6.31 9.25
7.00 6.25 18.1 9.34
9.18 8.70 16.3 8.37
11.97 10.47 32.2
12.19 10.69 43.8
12.26 10.76 23.9
12.41 10.91 58.5
12.47 10.97 26.5
12.63 11.13 88.4
Table 1.7 (cont.)
12.66
12.70
13.00
13.30
13.49
13.53
11.16
11.20
11.50
11.80
11.99
12.03
32.2
34.2 
44.8
59.0
72.2
124.5
124.7
322.0
Post-hydrolysis values.
the form of pH - rate profiles in Figs.1.9 and 1.10, respect­
ively. Both compounds exhibited good first-order kinetics, 
except 1-methylinosine at very low pH, where hydrolysis was
10-2
10‘ 3
to
l/>JDOJSC
10
10-5
1 -M ethylguanosine
10 12 14
pH (at 85
Fig.1.9 pH - Rate profile for^the detritiation of 1-methyl-
{8- 3H]guanosine at 85 . The drawn line is calculated 
using eg. (1.29).
-47-
1 -M ethyl inosine
x>o
-* 10
0 2 L 6 8 10 12 U
pH (at 85°)
Fig.1.IQ pH - Rate profile for the detritiation of 1-methyl- 
l8- 3hJinosine at 85 . The filled-in circles are 
detritiation rates subsequent to hydrolysis. The 
drawn line is calculated using eq.(1.29).
apparent. Estimates of the detritiation rate constants for 
1-methylinosine and its hydrolysis product were possible 
from the kinetic plots and these results are included in 
Table 1.7 and Fig.1.10. From a knowledge of the acid hydrolysis
58of nucleosides, the post-hydrolysis values are presumably 
due to the formation of 1-methylhypoxanthine. The form of
the curves shown in Figs.1.9 and 1.10 is reminiscent of the
14 3behaviour of adenosine and 9-alkylpurines, At low pH,
the similarity with the data for imidazole is apparent, but
at high pH instead of falling off the rates increase. This
difference can be ascribed to the fact that the present
compounds have no ionizable ^NH group in the imidazole ring,
responsible for the rate decrease in imidazole itself. The
rate increase is due to the onset of a second reaction
3 14pathway involving hydroxide ion and the neutral substrate. ' 
Eq.(1.25), therefore, describes the system. NucH+ and Nuc 
represent the protonated and neutral molecules, respectively,
Rate = k^|~NucH+] [0H~] + k^[Nuc] [0H~] (1. 25)
Tand k is the second-order rate constant for detritiation o
of the neutral molecule. Only one ionization constant, K ,a
is associated with these systems (in the pH range under study) 
and the total nucleoside concentration, [Nuc] t , is given by 
eq. (1.26) . Introducing K& = [Nuc] [h +] / [Nu c H*] into eq. (1.26) 
for both [NucH+] and [Nuc] , eqs.(1.27) and (1.28) follow.
[Nuc] T = [NucH+J + [Nuc] (1.26)
[Nuc] t 
K[NucH+] =     (1.27)
1 + — -
[H+]
[Nuc] T
[Nuc] = [H+] (1.28)
1 +  — —
Ka
Substituting eqs.(1.27) and (1.28) into (1.25) and rearranging 
gives eq.(1.29) which was used to construct the calculated
T T:7K k L+ w , o ak , =--------■—  ---- +    (1.29)
obs +
Ka + [H ] Ka + [H ]
curves shown in Figs.1.9 and 1.10. At high pH, eq.(1.29) 
reduces to (1.30) since K_>> [H+] . Thus, at high pH, a plot
k , obs
T
+ W + k^[0H_] (1.30)
Ka
of kQks against [OH ] should be linear, with slope kQ .
Figs.1.11 and 1.12 show shch plots for 1-methylguanosine
and 1-methylinosine, respectively. Initially the plots do
exhibit the expected linearity, but deviations are seen to
occur at [OH ] >0.06 mol 1 1, This is probably a consequence
of the ionization of the ribose hydroxyl proton (pK valuesa
at 25° for inosine and guanosine are 12.36 and 12.33, respect- 
62ively ). The empirical parameters used in conjunction with 
eq.(1.29) to construct the curves shown in Figs.1.9 and 1.10 
are presented in Table 1.8.
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Table 1.8
Empirical parameters used in the construction of the 
theoretical curves for the detritiation of 1-methyl[8- 3h]- 
guanosine (10b) and 1-methyl[8- 3H] inosine (2 5b) in aqueous
buffers at 85
Substrate RKa
kT
+
kTo
1 mol 1 S _1
10b 2.2 5.30 x 106 2.51 x 10" 3
25b 1.2 1.80 x 107 1.90 x 10“2
Rates of detritiation of 1-methyl [8- 3h]guanosine were 
also measured as a function of temperature in deionized water 
(i.e. in the pH-independent region). The temperature range 
used was 303 - 358 °K (30 - 85°C) and at the lower temperatures 
the initial rate method had to be employed. The results 
are given in Table 1.9 along with the value obtained by 
Tomasz et al.33 for detritiation at 37°. Fig.1.13 shows 
the Arrhenius plot of this data according to eqs.(1.31) and
(1.32) . Activation parameters were calculated using eqs. (1.32)
-E obs/RT
kobs = Aobs e a (1*31>
!og kQbs = log AQbs - Ea°bs/ 2 .303RT (1.32)
and ( 1 . 3 3 ) the results being:- Ea°bs = 22.61 kcal mol
AS+/4.576 = log k - 10.753 - log T + Ea/4.576T
(1.33)
AH^"obs = (Ea°bS - RT) = 21.90 kcal mol*"1, AS+obs = -14.7 cal
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Fig.1.13 Observed Arrhenius plot for the detritiation of 
1-methyl[8-3H] guanosine in deionized water. The 
point (x) is taken from ref.28.
K 1 mol 1 and AG*^*^ = 27.16 kcal mol 1. However, these
parameters contain contributions from the variation of pK
a
and pK^ with temperature, according to eg. (1.18). Using 
eg. (1.18) and the known temperature dependence of pK 
and pKa (using the Perrin equation), the variation of k+
-54-
with temperature has been calculated (Table 1.9). These
data are replotted in Fig.1.14. In this case, the activation
parameters are:- E + = 12.84 kcal mol""1, AH**", = 12.13 kcala +
mol 1, AS**", = +5.74 cal K 1 mol 1 and AG**, = 10.07 kcal mol""1
~T T*
T / °C
I- +
710
,610
2.7 2.92.5 2.8 3.0 3.1 3.33.2
10* I K-i
T wi
:hyl[
guanosine. The point (x) is taken from ref.28;
Fig.1.14 Arrhenius plot for the variation of log k+ th
temperature for the detritiation of 1-methyl [8-3h]
As a model for the-protonated guanosine (or 1-methyl-
guanosine) molecule, the substrate 7-methylguanosine was
investigated. Previous studies have shown that exchange at 
23 32
C-8 is fast, ' so in'this study attempts have been made 
to quantify this.
Extensive investigations were carried out at both 25° 
and 85°. Phthalate and acetate buffers (pH range 4.0 - 5.2) 
were used at 25°, while HCl solutions were used at 85° (pH 
range 2.0 - 2.9). The data for the detritiation of 7-methyl- 
[8-3H]guanosine are presented in Tables 1.10 and 1.11 for 
exchange at 25° and 85°, respectively, and the data plotted 
as pH - rate profiles in Fig.1.15. In this case, since the
Table 1.10
Rates of detritiation of 7-methyl [8-3H]guanosine in aqueous 
phthalate and acetate buffers at 25°.
p H (25°) 101 0 [OH J /mol I-1 105k . /s"1 obs
4.01 1.01 5.96
4.81a 6.52 39.7
4.81b 6.52 39.5
4.97 9.33 56.5
5.14 13.87 85.7
cL
^In the presence of 0.60 M sodium acetate; 
In the presence of 0.24 M sodium acetate.
substrate only exists as a single species in which there is 
a fixed positive charge in the imidazole ring, eqs. (1.34) 
and (1.35) apply. A plot of against [OH ] should thus
Table 1.11
Rates of detritiation of 7-methyl [8-3h] guanosine in aqueous 
HCl solutions at 85 .
p H (85°) 1011-[OH"]/mol l’ 1 lO^k , /s 1 obs
2.12 4.19 7.00
2.36 7.29 10.6
2.50 10.07 18.9
2.70 15.81 27.8
2.88 24.20 40.5
i
to
coXI
o
10"
53 U 6210
pH ( T )
Fig.1.15 pH - Rate profiles for the detritiation of 7-methyl- 
[8-3H]guanosine in aqueous buffers at 25° and 85°. 
The drawn lines are of unit slope.
give a straight line of slope k+ which passes through the 
origin if specific hydroxide ion catalysis is obeyed. Figs.l
Rate = kQbs[Nuc]T = kJ[Nuc] [OH-] (1.34)
kobs = k+[°H"I (1.35)
and 1.17 show two such plots for 25° data and 85° data,
7 -  Methylguanosine
o
6.07 x 10 I mot's-1
0 5 10 15
101 0 LOH-] I mol I"'
Fig.1.16 Plot of k , against hydroxide ion concentration 
for the dStfitiation of 7-methyl [8-3h]guanosine 
in aqueous buffers at 25°. The point (x) refers 
to the deuteration of 7-methylguanosine from ref.32
u3
2
0
0 1
1010 [OH'] / mol I”1
Fig.1.17 Plot of kQks against hydroxide ion concentration 
for the detritiation of 7-methyl[8-3h] guanosine 
in aqueous HC1 solutions at 85°.
respectively, and in both cases the straight lines intersect
T othe origin; the value of k+ at 85 is seen to be very similar
to that obtained for 1-methylguanosine (Table 1.8) and
. 15- 'guanosine.
In addition to the determinations at 25° and 85°, further
runs were performed at intermediate temperatures in order
to construct an Arrhenius plot for this model substrate.
All the results are collected in Table 1.12 and plotted in
Fig.1.18. The activation parameters obtained are:-
E + = 11.90 kcal mol 1, = 11.19 kcal mol x, AS*^ *, =a + +
+3.46 cal K 1 mol 1 and AG^+ = 9.95 kcal mol 1.
Table 1.12
Rates of detritiation of 7-methyl[8-3H] guanosine in 0.050 M. 
potassium hydrogen phthalate solution at various temperatures.
T /°C 10 5k^ /I mol 1 s 1
25 6.07
35 10.4
50 32.5
60 49.2
85 169.0
As in other studies involving isotope exchange from the 
C-8 position of purines, no evidence of general-base catalysis 
could be observed. The results for 7-methylguanosine again 
show this to be the case (Table 1.10), since the addition of 
sodium acetate to constant pH buffer solutions had no effect
T /°C
85 70 60 50 AO 30
5 x 1 0 6
3.22.7 3.32.8 2.9 3.0 3.1
, K-i
Fig.1.18 Arrhenius plot of log k+ against temperature for 
the detritiation of 7-methyl[8-3h] guanosine in 
0.050 M potassium hydrogen phthalate solutions.
on the detritiation rate constants obtained.
1.3.3 Determination of Isotope Effects
Rates of deuteration (giving the rate of C-H bond
cleavage) and detritiation (giving the rate of C-T bond
cleavage) were measured under identical conditions in D 2O as
detailed in Section 1.2.4. Fig.1.4 shows the results of a
typical parallel deuteration/detritiation run, the isotope 
H Teffect, k /k (the subscripts "obs" and "+" have been omitted
H T
since, under the experimental conditions, ^o^g/k^g =
H Tk+/k+), being the ratio of the slopes of the two lines. Full
results of the determinations are given in Table 1.13 for
imidazole (C-2 position) and adenosine 5 1-monophosphate (C-8
H Tposition). As can be seen, the values of k /k are all small, 
well below the "normal" range of 7 - 12 at 25°. The effect 
of substrate concentration also appears to be small.
Table 1.13
Tritium isotope effects at 85° in D 2O for isotopic hydrogen 
exchange at C-2 in imidazole and C-8 in 5'-AMP. The results 
for purine (C-8) are also included for comparison (ref.3).
Substrate [Substrate] ^obs ^obs kH/kT
/mol 1 1
Imidazole 0.602 2.20 x 10"3 1.26 x 10“ 3 1.75
0.736 2.13 x 10"3 1.30 x 10~3 1.64
1.003 2.21 x 10"3 1.17 x 10~3 1.89
5'-AMP 0.249
0.150
8.09 x 10” 5 
7.50 x 10“ 5
2.40 x 10 5 3.38
2.08 x 10~5 3.61
Purine 1.07 x 10 4 2.76 x 10 5 3.80
1.4 DISCUSSION
The p H .- rate behaviour observed with the compounds
studied shows no departure from that expected on the basis
3 13-16 31of similar studies performed previously. ' ' Thus,
the data obtained for imidazole, is in agreement with the
21recent results of Wong and Keck, which is consistent with 
rate-determining hydroxide ion attack on the protonated 
imidazole molecule. It is pertinent to point out at this 
stage that even at pH 12 exchange still appears to involve 
the protonated imidazole molecule; if the neutral molecule 
was active in this region, the rate would be observed to 
increase dramatically. At pH > 7, the effect of loss of 
protonated substrate is counteracted by the increased 
concentration of hydroxide ion. This effect continues until 
creation of a negative charge a to the site of exchange 
(i.e. at N-1 in imidazole) makes hydroxide ion attack
67unfavourable, resulting in an exchange rate reduction. 
1-Methylguanosine and 1-methylinosine have no ionizable ^NH 
group a to the C-8 position and, accordingly, exchange via 
the pathway involving the neutral molecule is observed 
(Figs.1*11 and 1.12, respectively)
1,4.1 ZwltterIonic or Neutral Molecule?
The pH - rate profiles obtained for molecules containing
an ionizable /NH group in the pyrimidine ring exhibit two
superimposed sigmoidal curves, the inflection points of
which correspond to the pK values for protonation of N-7
15 28 30and ionization of the pyrimidine ^>NH. ' ' The second
sigmoidal curve has been accounted for in terms of rate-
15determining hydroxide ion attack on the neutral molecule
or the zwitterionic molecule, formed by transfer of the
ionizable /NH proton from the pyrimidine ring to the imidazole 
28 30ring. ' Since both mechanisms are kinetically-equivalent, 
it is impossible to unambiguously identify which species is 
responsible for the observed exchange from the pH - rate 
profiles. One way of overcoming this difficulty is to make 
a comparison between the behaviour of the substrate containing 
/NH in the pyrimidine ring and its ^N-CH3 analogue. This 
latter compound is a model compound for the neutral species, 
any difference observed could then be ascribed to the 
zwitterionic molecule.
The second-order rate constants for detritiation of the
protonated and neutral 1-methylguanosine and 1-methylinosine
Tmolecules are given in Table 1.8. The k+ values for 1-methyl- 
guanosine and 1-methylinosine (5.30 x 106 and 1.80 x 107 
1 mol 1 s *, respectively) compare well with the corresponding 
values for guanosine and inosine (3.11 x 106 and 1.56 x 107
- ,  - ,  ]_5
1 mol s , respectively ). This leads to the conclusion
that a 1-methyl substituent has little influence on the rate
Tof exchange at C-8. However, a comparison of the kQ values 
for the 1-methylnucleosides with the corresponding k ‘ values 
for the unsubstituted molecules (6.05 and 16.8 1 mol 1 s 1,
15for guanosine and inosine, respectively ) shows the latter 
to be approximately three orders of magnitude greater, a 
factor which cannot be explained by the presence of a
ip
1-methyl substituent, since the k values are unaffected.
This finding points heavily in the direction that the
zwitterionic molecule is responsible for the second pathway
of C-8 proton exchange in guanosine and inosine. However,
there is a contribution from the neutral molecule as modelled
by the 1-methylnucleosides at high pH. The second-order
rate constant for detritiation at high pH in guanosine and
inosine, k', is therefore a composite function comprising
contributions from the neutral and zwitterionic species.
TThus, eq.(1.36) follows, in which k+ is the second-order rate 
constant for detritiation involving the zwitterion (as repre­
sented in Scheme 1.4) and K is the equilibrium constantzw
T  T
k! K + k 1 (1.36)± zw o
for zwitterion formation (= \_18~\/[l0b~\ from Scheme 1.4 for
T Tguanosine). Since k 1 >> kQ , eq.(1.36) reduces to k 1 = ,-k+K .
28Only one estimate of K has been made to date for such 2 zw
68systems using the method of Tucker and Irwin. From the
Tvalue of K obtained, k^ was found to be 17.5 times smaller zw ±
Tthan k+ , a finding consistent with partial neutralization
of the positive charge in the imidazole ring by the negatively-
charged pyrimidine ring. Using the Perrin equation, together
with the pK values used in the calculation of K by Tomasz a zw ■
et al.^, Kzw becomes 7.41 x 10 5 at 85°. k^ can thus be
calculated as 8.16 x 10** 1 mol 1 s 1, using eg. (1.36) together
Twith the value of k 1, a value 38 times smaller than k+ .
TUsing this factor to obtain an estimate of k+ for inosine,
K is found to be 4.08 x 10 5. zw
Similar conclusions are reached in Chapter 2, when values
of k 1 for theobromine and paraxanthine are compared with 
Tk for caffeine, o
At this stage, it seems pertinent to point out the
28reason for Tomasz et al. not observing a rate increase
at high pH for 1-methylguanosine and adenosine. If we assume
T - 1an activation energy for kQ of 20 kcal mol , we can estimate
k*(37°) as being 3.2 x 10 5 and 2.5 x 10 k 1 mol 1 s 1 for
1-methylguanosine and adenosine, respectively, from a knowledge 
T oof kQ (85 ). Using eq.(1.30) in conjunction with the values
T 28of k+ K^/Ka given by Tomasz et al., the pH at which the
rate doubles is calculated as being 12.3 for 1-methylguanosine 
and 11.0 for adenosine. Unfortunately, these workers restr­
icted their study to pH less than 12, and therefore did not 
observe the second reaction pathway.
1.4.2 Reaction Mechanism Involving the Protonated 
Substrate
The demonstration that proton exchange at C-8 of purines 
proceeds via the N-7-protonated molecule has been made from 
a comparison with the corresponding 7-methyl species. In
the present study,-a comparison of the behaviour of 
1-methylguanosine and 7-methylguanosine wi t h ,respect to  ^
detritiation at C-8 has been made. This involved the 
measurement of exchange rates and activation parameters for 
both substrates. The results obtained are collected in 
Table 1.14 for the present substrates together with the data 
for guanosine from ref.15. The excellent agreement between
Table 1.14
Rates and activation parameters for the detritiation of 
[8-3H]guanosine and its derivatives in their protonated 
forms.
Substrate 10 6k^ + E +a
+
AH + AG' T
i
AS ,"T
/I mol 1s 1 kcal mol 1 cal K 1mol 1
Guanosine 3.11 - - - . -
1-Methyl-
guanosine 5.30 12.84 12.13 10.07 5.74
7-Methyl-
guanosine 16.9 11.90 11.19 9.95 3.46
the activation parameters provides very strong evidence for 
the similarity of the reactive species in 1-methylguanosine 
and that in 7-methylguanosine, which has a fixed positive 
charge a to the exchanging site.
In common with the findings of other workers for similar 
substrates, ^  the detritiation of 7-methylguanosine was 
not catalyzed by buffer bases (e.g. 0.60 M acetate), suggesting 
a Bronsted 3 coefficient of near-unity. This fact, together
with the reported low primary kinetic hydrogen isotope
o "I o  o  c
effects, ' confirmed in the present study (Table 1.13)
leads to the belief that the transition state closely
resembles the products.' However,' the possibility of "internal-
36*3 9
return" must not be ruled-out as an alternative explanation 
If proton exchange reactions are carried out in solvents of 
low dielectric constant (in which ion-pair formation is 
possible), or if, on deprotonation, a carbon acid gives an 
anion in which the negative charge is localized, it has been 
argued that the effects of internal-return will be observed.^ 
Since aqueous solutions have been employed in the present 
work, the former criterion is not satisfied, but for the 
purines (and heterocycles in general) the latter criterion 
may be encountered. If this is the case, the internal-return 
mechanism applied to the purines is as depicted in Scheme 1.8. 
Reaction of hydroxide ion with the N-7-protonated purine 
molecule results in the formation of a hydrogen-bonded complex,
k
T + OH
H
I
:N\
A>-
'N
I
R
H
•TOH
+>H
Scheme 1.8
H
I
*Nv
N
I
R
*- + TOH
R
closely resembling a highly product-like transition state,
which, if k >> k can revert back to the reactants, or 
” 1 2
if k >> k leads to the products. The general equation 
2 "* 1
for the rate of reaction, according to Scheme 1.8, is given
by eq.(1.37) using the steady-state treatment for the rates
of formation and loss of the intermediate. Comparing eq.(1.37)
k k
Rate = 1 2
k + k 
“ 1 2
■N\
A T [0H_] d.37)
Twith (1.11) shows that k+ is given by e q.(1.38). Two limiting
T k k k
kT = _ J _ i   =  L__ _ (1.38)+
k + k 1 + k /k
"1 2 ” 1 2
cases apply to eq. (1.38). In the first case, k >> k and
2 “ 1
Tk+ = k . This is the condition for proton transfer catalyzed
by general bases (0 < 8 < 1) with "normal" primary hydrogen
T
1 2 t  1 2
isotope effects being observed. For k__ >> k ^ , k+ = K k
(where K = k /k ), the situation becomes more complex. The 
i i
measured rate constant is composite, the product of an
equilibrium constant and a diffusion rate term. The measured
isotope effects in the latter situation derive mainly from
the equilibrium constant, and thus are generally expected
to be low (the isotope effect on k is likely to be small
2
3 6since it is essentially diffusion-controlled) and specific
71hydroxide ion catalysis would be observed. Unfortunately,
whether the results are a consequence of internal-return or
just an extremely product-like transition state is a matter
lcof conjecture and has already aroused much discussion.
39
Streitwieser et al. have proposed a method of assessing
the contribution made by internal-return from deviations
from the Swain-Schaad equation relating isotope effects.
Using this method they were able to evaluate the amount of
Tinternal-return, k /k from eq. (1.38), as being 0.66 for the
" * 1 2
48methoxide-catalyzed detritiation of triphenylmethane. O'Brien
H T D Tfound that for purine k /k = 3 . 8  and k /k = 1.9,experimentally.
Applying the Swain-Schaad equation (1.39) assuming the value 
D T H Tfor k /k , k /k is calculated as 7.8, very different from
(kH/kT ) = (kD/kT ) 3 - 2 6 (1. 39)
the measured value. This may be indicative of an internal- 
return contribution to the mechanism.
Thermodynamic parameters for isotope exchange are presented 
in Fig.1.19. The data for theophylline and caffeine are from 
ref.43 and that for adenine and guanine are from refs.14 and 15. 
The imidazole data are unpublished work from this laboratory
and the 1-methylguanosine data are from the present study.
+ ,
The measured AS values are all small and positive, consist­
ent with a decrease in solvation of the protonated purine
molecule and hydroxide ion accompanying formation of the
+
transition state. The magnitude of AS will depend largely 
on the reactivity of the substrate; the faster the reaction, 
the earlier will the transition state occur on the reaction
co-ordinate and the less advanced the desolvation. A comparison
t T .of the AS data in Fig.1.19 with the plot of log k+ against
-C o h- o
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Fig.1.19 Plot of the activation parameters (E °^S (x), E + (©) ,
—  — ------  j. j. + ^  "■
AH ,(□)■, AS , (O) and AG , (©)) against pK for the ■ t t + a
detritiation of the indicated substrates.
*f*pK^ shown in Fig.1.20 reveals that AS + is lower in the more
reactive substrates. On the question of the magnitude of
the AS*^ + values, the low values encountered could be a
72consequence of internal-return. In this case, the entropy
term would be composite, comprising contributions from the 
equilibrium and diffusion steps and would be expected to be 
near-zero. If a product-like transition state is formed, 
considerable desolvation is likely to have taken place and
8Slope = ~ 0.64
7
6
5
4
3
2
7650 1 2 43
pKa (85 °)
Fig.1.20 Bronsted plot for the detritiation of [8-3H]purines 
and [2- 3HJimidazoles in aqueous solution at 85°.
The numbers refer to:- 1, Theobromine; 2, Caffeine; |
3, Paraxanthine; 4, Theophylline; 5, 1-Methylinosine; f
6, Inosine; 7, 6-Mercaptopurine riboside; 8, 6-Merceoto- 1 
purine; 9, Xanthine; 10, Xanthosine; 11, 9-Methyl-* 
hypoxanthine; 12 , Hypoxanthine; 13 , 1-Methylguanosi: -
14, Guanosine; 15, Puromycin; 16, Purine; 17, 9-1PropvI- 
puri.ne; 18, Guanine; 19, 9- Butylpurine; 20, Adenosine;
21, 4 ,5 ,6-Trichlorobenzi.midazole; 22, Imidazo [4 ,5 * • ] - 
pyridine; 23, Adenine; 241 5,6-Dichlorobenzimidazole;
25, 1-Methylbenzimidazole; 26, 1-Ethylbenzimidazole;
27, Benzimidazole; 28, Histamine: 29, Glycyl-L-hist.idyT- 
glycine; 30, Glycyl-L-histidine; 31, Carnosine;
32, N-Acetylhistidine; 33, Imidazole.
JL.
larger AS values would be anticipated. However, it has 
been suggested that AS values for a. number of proton transfers 
in water are more negative than expected possibly because
desolvation of the proton does not take place before the
7 3
transition state is reached.
The reasonably linear Bronsted plot shown in Fig.1.20
for a variety of purines, imidazoles and benzimidazoles
shows that the less basic is the N-7 position, the greater 
Tis k+ , very much as expected for reactions exhibiting the 
kind of mechanism encountered in these studies. Apart from 
the obvious practical usefulness of such a correlation (e.g. 
the possibility of predicting rates of exchange from a 
knowledge of the pK , and vice versa) , some significance can 
be attached to it theoretically. The usual expression for 
the relationship between the rate of proton exchange, k, and 
the acid dissociation constant of the substrate, K, is given 
by the Bronsted equation (1.40), when a series of structurally-
k . =  G Ka (1.40)
similar carbon acids reacting with a constant base are compared. 
In the present situation a number of protonated purines are 
compared with respect to hydroxide-catalyzed detritiation 
and the corresponding equation is (1.41), in which is
k+ = G Kc_h“ (1.41)
the acid dissociation constant of the substrate, according
and
K c _ h  = t?8] [H+] / [27] (1.42)
Taking logarithms of eq.(1.41) leads to (1.43) .
log k^ = ~apKc__H + log G (1.43)
Since K (for protonation of N-7-) is defined by the a
equation = [Neutral molecule] £h+] / [2 7],
given in terms of K by the expressiona
KC_H = Ka [2#] /£Neutral molecule] (1.44)
which becomes = KaK+ w^ere K+ is the equilibrium
constant for the reaction
H
R R
Thus, the equation (1.45) relating pK^ and pK followsc xi a
which, if combined with eq.(1.43) leads to the rearranged
PKC_H = PKa + pK± (1.45)
Bronsted equation (1.46). If the last two terms are assumed 
log k^ = -apK^ - apK + log G (1.46)
constant throughout the series of structurally-similar purines
and imidazoles, eq.(1.47) is obtained, where G 1 is a new 
constant incorporating G, K+ and a. Fig.1.20 is of this
log = ~apKa + log G 1 , (1.47)
form, with a = 0.64. As can be seen from Fig.1.20, a certain
degree of scatter in the results is apparent. Some experimental
T
error is associated with the pK values (and hence the k,a +
values) but this is not sufficient to account for the quite 
large deviations observed for some of the substrates. It is 
likely that the major influencing factor is the different 
degrees to which N-7 protonation occurs in these molecules. 
Purine and adenine derivatives, for example, are known to 
favour N-l protonation and so the fraction of the N-7-proton- 
ated species will be smaller than in the case of guanosine 
where N-7 protonation is preferred. Also, the xanthines 
studied (with the exception of xanthosine) protonate at N-9 
(Chapter 2). These considerations serve to emphasize that, 
although the substrates are structurally-similar, their 
behaviour with respect to protonation are in some instances 
quite different and taking this into account, the plot shown 
in Fig.1.20 is remarkably linear.
The expectation that the Bronsted exponent measured
(i) by considering one substrate and a series of general
bases, or (ii) by considering a series of structurally-similar
general acids and a single base should be the same has only
75materialized in the case of some cyanocarbons. Data obtained
’76for acetylacetone and derivatives indicate different values
7 7
for each exponent, as do results for several nitrocompounds
for which negative: Bronsted exponents were obtained using
method (ii) . In such cases, therefore, both exponents cannot
indicate the extent of proton transfer in the transition
state. The same must be true for the purines in the present
study since the observation of specific hydroxide ion catalysis
(3 - 1) and a Bronsted a exponent of 0.6 4 appear to be
78incompatible. Bordwell has argued that the latter exponent 
is not directly related to the degree of proton transfer in 
the transition state. The a exponent incorporates a 
substituent interaction in the transition state which is not 
present in either the reactants or products and hence, strictly 
speaking, the transition state is not intermediate between 
the reactants and products. It is probable, therefore, that 
the measured a exponent is not a true indicator of the 
structure of the transition state.
The fact that rather small salt effects have been observed 
in these reactions may indicate a contribution from internal- 
return. The expected behaviour for a reaction between univalent 
ions of opposite charge is given by eq. (1.48) derived from 
the Bronsted-Bjerrum equation in conjunction with the Debye-
log k = log kQ /I (1.48)
.. 34
Huckel theory. Although this is a very simple equation,
it should be valid up to an ionic strength (I) of 0.1 M;
k is the measured rate constant at the given ionic strength 
and k that at infinite dilution. However, it is clear that
O -
eq. (1.48) does not apply to the imidazole data given in 
Table 1.6 since it predicts k ^ g  at I = 0 . 1  M, for example, 
to be ca. 6.5 x 10■ s 1, a 50% rate reduction.
From the above discussion, it is evident that the 
mechanisms of exchange in purines involve rate-determiming 
hydroxide ion attack on the various ionized forms, or their 
kinetically-equivalent zwitterions, present in aqueous 
solution. A more detailed appraisal of the reaction mechanism 
at first sight appears possible since the non-appearance of 
general-base catalysis suggests an extremely product-like 
transition state. Some confusion arises since the suggestion 
that the reactions may proceed via the internal-return 
mechanism, which is indeed consistent with the observed low 
isotope effects and high Bronsted 3 coefficients. However, 
at this stage, it is difficult to deduce which explanation 
is correct.
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2.1 INTRODUCTION
Xanthines, which can be considered to be derived from 
the six-membered uracil ring (2,4-dihydroxypyrimidine) fused 
to a five-membered imidazole ring, have the structural 
formula represented in (1).
They are widely distributed in nature, e.g. as the 
alkaloid constituents of tea leaves, coffee beans and kola 
nuts. They are also formed as intermediates in the mammal- 
alian purine metabolic pathway; oxidation to uric acid (2) 
is catalyzed by the enzyme xanthine oxidase. The uric acid 
is then excreted in the urine.
Xanthine (3) is an uncommon nucleic acid base, which
I f  N/>
H
0  IN IN
H
OH
(i) (2 )
0 H
H
(3)
is able to base-pair with cytosine. As a consequence of 
this, nitrous acid deamination of guanine residues in nucleic 
acids yields xanthine which would not therefore be mutagenic
since no severe disruption of the hydrogen-bonded structure 
occurs. This is in marked contrast to the deamination of 
adenine or cytosine residues in nucleic acids which has 
more serious consequences.
Studies of tritium - hydrogen exchange in heterocyclic 
compounds containing the imidazole ring have been under 
investigation at Surrey for several years. The xanthines
2
form a logical extension to the previously-studied purines,
3 4
adenines, and hypoxanthines, as they also provide an
inherently more complex system because of the number of
5ionized forms known to exist in aqueous solution. Bergmann
5
and co-workers have conducted detailed investigations of
the ionization processes in xanthine and its N-methyl
derivatives in an attempt to identify the possible substrate
species involved in the mode of action of xanthine oxidase.
On the basis of n.m.r. and u.v. data, it wais concluded that
the xanthines with an unsubstituted imidazole ring are present
*
in aqueous solution predominantly as N-7H tautomers. Ioniz­
ation constants were evaluated from the u.v. spectral 
changes observed.
In a kinetic study of the substrate reduction by xanthine 
oxidase, Edmonson et al.^ utilised [8-2h] xanthine and 
1-methyl[8-2H]xanthine in order to compare the oxidation 
at C-8 with that of the corresponding unlabelled compounds.
The deuterated substrates were prepared by refluxing 1% 
solutions in D2O, according to the method of Shelton and
7
Clark. In view of such studies, it is essential that the 
stability of the isotopic label is known.
In a recent study of tritium - hydrogen exchange in
8purines, Maslova et al. examined the behaviour of [8-3h ]-
xanthine as a function of pH at 80°. They observed a
similarity between xanthine and the pH - rate data reported
4for guanine and hypoxanthine by Jones and co-workers. The 
pH - rate profile for xanthine comprised two superimposed 
bell-shaped curves, with pH-independent regions at 2< pH <5 
and 8< pH <10, the corresponding pseudo-first-order rate 
constants being 3.7 x 10 6and 5.0 x 10 5s r, respectively. 
Unfortunately, the pH values were not corrected for the high 
temperature employed and this casts some doubt on the 
quoted second-order rate constants and pK^ values.
9Still more recently, Jelinska and Sobkowski reported 
on the detritiation of [8-3 H] xanthine, [8-3h] theophylline (4), 
and [8-3H] caffeine (5) in aqueous solution. These workers
c h 3 c h 3
(4) (5)
used substrates of very low specific activity and hence 
required relatively high concentrations and encountered 
solubility difficulties at low pH (<7) in the case of xanthine.
Theophylline exhibited a bell-shaped pH - rate profile
similar to that observed for imidazole (Chapter 1 and refs.
12 3 210 and 11), benzimidazole, adenine, and purine.
In the present study, the kinetics of tritium - hydrogen 
exchange at the C-8 position of xanthine (3), xanthosine (6), 
theophylline (4), theobromine (7), paraxanthine (8), and 
caffeine (5) have been investigated as a function of pH at 
85°.
¥
Ribose
(8)
2.2 EXPERIMENTAL
2.2.1 Materials
The xanthines were commercially available with caffeine 
(1,3,7-trimethylxanthine), theophylline (1,3-dimethylxanthine) 
and theobromine (3,7-dimethylxanthine) being purchased from 
BDH, whilst xanthine, xanthosine (9-ribofuranosylxanthine)
and paraxanthine (1,7-dimethylxanthine) were obtained from 
Sigma.
2.2.2 Preparation of Tritiated Xanthines
p - 3H]Theophylline was prepared by incubating a mixture 
of theophylline (ca. 50 mg) and tritiated water (The Radio­
chemical Centre, Amersham; 20 yl; 5 Ci ml 1) at 85° for 24 
hours. The tritiated water was then removed by lyophilization. 
A small amount of water was added to the solid to exchange 
labile tritium and the water removed once again. It was 
customary to repeat this process until the radioactivity 
of the lyophilized water was negligibly small.
Q8-3H]Caffeine was prepared by incubating a mixture of 
caffeine (ca. 40 mg) , dioxan (0.5 ml) and tritiated water 
(20 yl; 5 Ci ml 1) at 85° for 24 hours. The solvent was 
then removed by lyophilization and the solid was re-dissolved 
in dioxan and a small amount of water added, as above, to 
exchange labile tritium atoms.
[8-3H]Xanthine, [8-3H]xanthosine, [_8-3h] theobromine 
and [8-3H]paraxanthine were first converted to the corres­
ponding sodium salts by dissolving the neutral compounds in 
sodium hydroxide solution. The solvent water was then removed 
by lyophilization. The sodium salt (ca. 50 mg) and tritiated 
water (20 yl; 5 Ci ml 1) were incubated at 85° for 24 hours. 
The tritiated water was removed and the residue washed as
described above to remove labile tritium. The pure tritiated 
compounds were recovered by neutralizing the sodium salt 
with dilute hydrochloric acid whereupon the neutral compound 
precipitated. The precipitate was filtered off, washed with 
distilled water and dried in vacuo. This sequence of reactions 
is illustrated in Scheme 2.1 for theobromine.
NaOH
Insoluble Soluble
Scheme 2.1
Throughout the work, n.m.r. and u.v. spectra were used 
to show that no decomposition occurred under the tritiation 
conditions.
2.2.3 Reaction Solutions
All reaction solutions were as listed in the Experimental 
section of Chapter 1. The NaOD solutions used for the 
isotope effect determinations were prepared by dilution of 
a concentrated solution of NaOD. The latter was prepared 
by dissolving metallic sodium in D2O, under a layer of toluene, 
with the subsequent removal of the aqueous layer. Dilute 
NaOD solutions were standardized by titration against standard
potassium hydrogen phthalate solution.
2.2.4 Kinetic Procedures
The rates of tritium - hydrogen exchange were measured 
in the pH range 0 - 12.5 at 85° using the experimental methods 
already outlined in Chapter 1.
2.2.5 Stability of the Xanthines in Acidic and Alkaline 
Media
Stability towards dilute mineral acid is a feature of
N-methylxanthines. However, under more drastic conditions
(conc. hydrochloric acid at 200°) degradation occurs, the
usual products being carbon monoxide, carbon dioxide, ammonia 
13and glycine. If the xanthine is N-7-methylated, N-methyl-
14aglycine rather than glycine is obtained, showing that the 
origin of the nitrogen atom is N-7 of the purine.
Under alkaline conditions, the stability can be correl-
14bated with the ability of the compounds to form anions; 
mono- and di-alkylxanthines only degrade at high temperature 
in concentrated alkali. Tri-alkyl derivatives, such as 
caffeine, degrade relatively easily. Caffeine affords 
caffeidine carboxylic acid on heating with alkali (1 M) at 
100° for 15 minutes.
15Xanthine itself is reported to be stable to boiling
in 10 M acid and alkali. Xanthosine, however, in common
16with many purine nucleosides, hydrolyzes in acid solution.
This results in the cleavage of the N-glycosyl bond, forming
17 18the parent heterocyclic base. Zoltewicz et al. ' suggest 
that cleavage of the purine - ribose bond is specifically 
acid-catalyzed by a mechanism involving pre-equilibrium 
protonation of the purine, followed by rate-determining 
cleavage of the N-glycosyl bond (Scheme 2.2). The proposed
K
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carbonium - oxonium ion (Ribose ) then reacts with the
solvent in a fast step. This mechanism has been substantiated
1 9 2 0in subsequent studies. '
2.3 RESULTS
2.3.1 The Detrit'iation of \~8~ 3 h\ Xanthine and [5-3 H\Xanthosine
Throughout the pH range studied, the detritiation reactions 
showed good first-order kinetics, except at very low pH for 
xanthosine (this will be dealt with later). The results for
the detritiation of [8-3h] xanthine and [8-3h]xanthosine are 
presented in Table 2.1 and plotted in the form of pH - rate 
profiles in Fig.2.1.
Table 2.1
Rates of detritiation of [jB-3h] xanthine (3) and £8-3h]- 
xanthosine (6) in aqueous buffer solutions at 85 .
p H ( 2 5 ° ) p H ( 8 5 ° )
1 0 6 k O b / " ' 1
( 2 ) ( f ? ) u
1 . 0 0 1 . 0 0 ( 1 . 6 U
1 . 1 3 1 . 1 3 2 . 3 5
1 . 4 0 1 . 4 0 3 . 0 2
1 . 9 5 1 . 9 5 2 . 6 6
2 , 0 0 2 . 0 0 ( 3 . 0 1 )
2 . 3 1 2 . 3 1 3 9 . 3  ( 3 . 3 U
2 . 7 2 2 . 7 2 4 4 . 9  ( 3 . 1 6 )
2 . 9 5 2 . 9 5 3 . 2 7
3 . 0 3 3 . 0 3 4 6 . 1  ( 4 . 0 8 )
3 . 4 5 3 . 4 5 4 6 . 0
4 . 0 1 4 . 1 0 3 . 0 9 ,  3 . 1 3 7 9 . 4
4 . 5 3 4 . 3 6 3 . 8 4
4 . 4 6 4 . 4 6 1 0 8 , 0
5 . 0 0 5 . 0 0 1 8 0 . 0
5 . 2 4 5 . 2 4 7 . 3 1
6 . 2 4 6 . 0 7 2 7 . 5 ,  2 9 . 3
6 . 2 7 6 . 1 0 2 4 9 . 0
6 . 4 8 6 . 3 1 3 7 . 5
6 . 6 l 6 . 4 4 4 9 . 0 ,  4 7 . 6
7 . 1 8 7 . o i 2 5 7 . 0
8 . 20 7 . 7 2 9 7 . 4
9 . 1 8 8 . 7 0 1 1 6 . 0 2 5 9 . 0
1 0 . 2 3 9 . 7 5 2 3 2 . 0
1 1 . 4 2 9 . 9 2 1 0 4 . 0
1 0 . 4 9 1 0 . 0 1 2 3 2 .O
1 0 . 7 8 1 0 . 30 2 3 9 . 0
1 2 . 4 2 1 0 . 9 2 4 6 . 0
13 . 0 0 1 1 . 5 0 2 2 . 1 3 1 0 . 0
13 . 6 2 1 2 . 1 2 4 8 7 . 0
13 . 6 8 1 2 . 1 8 6 3 8 . 0
1 3 . 7 6 1 2 . 2 6 5 8 8 . 0
1 3 . 9 1 1 2 . 4 1 7 6 1 . 0
1 4 . 0 0 1 2 . 5 0 6 . 5 4 8 2 6 . 0
1 4 . 3 0 1 2 . 8 0 1 05 6
Values in parentheses represent post-hydrolysis data.
The data shown plotted for xanthine in Fig.2.1 can be
considered to comprise two superimposed bell-shaped regions,
8as found previously by Maslova et al. In the pH range 
investigated, xanthine can exist in four forms, namely N-7-
Iin
10-5U)-QO
0 2 6 B 10 12 U
pH (at 85° v
Fig.2.1 pH - Rate profiles for the detritiation of JT8-3h ]“ 
xanthine (O) and [8-3Hjxanthosine (•) at 85 . The 
drawn curves are constructed using eqs. (2.9) and 
(2.12) for xanthine and xanthosine, respectively. 
The crosses represent the rates of hydrolysis, k., 
of xanthosine - see text. ^
protonated xanthine (XH3+ ), neutral xanthine (XH2)# the 
xanthine monoanion (XH ), and the xanthine dianion (X2 ) . 
The total xanthine concentration, [x]T , is thus given by 
eg.(2.1).
[x]T = [XH3+] + [XH2] + [XH ] + [X2 ] (2.1)
The relevant ionization constants for this system are:-
K = [XH2] [H+] /[XH3+] (2.2)
K ' = [XH ] [H+] /[XH2] (2.3)
Ka " = Ex2 ] [H+] /[x h  ] (2.4)
By substituting eqs.(2.2) - (2.4) into (2.1), it can be 
shown that eqs. (2.5) and (2.6) hold.
I>H 0  K K K ' K K 'K " (2.5)
i + a + a a + a a a
[X] T
[H+] [H+] 2 [H+]
[X]
[x h 2] =  — ---------
[h  1 K ' K 'K "
1 +  + •— —  + — ^ — —  (2 .6)
V ^ +] [H+l 2
Assuming a rate equation of the form
Rate = kobs[x]T = k?[XH3+][OH-] + k 1 [XH2] [OH ]
(2.7)
Twhere k, and k' are the second-order rate constants for +
hydroxide ion attack on the protonated (XH3+ ) and neutral
(XH2) molecules, respectively. Substituting from eqs. (2.5)
and (2.6), we obtain eq.(2.8), in which K is the ionizationw
constant of water. Eq.(2.9) follows.
k^K [x]
rYi _      + w L J
obs L J TRate = k 1 ” ' w T, ■ ' K K ' K K ' K "
[H J + K + - a .a + a a a
a T..+-1 rTT+
[HT] [HT] 2
'K [X]m w L J T
1 V  H[h ] 2 K 1K
[H 1 + -----  + K ' + — a (2.8)
Ka a [H ]
Two distinct pH-independent regions can be predicted
from eq.(2.9). The first, for >> [h +J > K 1 > Ka" reduces
k , 
obs
T kTK + w
K K 1 K K ' K '
[H^| + K .. + — a - + a a a
[H+J [H+] 2
k'Kw
, [H+] 2 K 'K "
[H J + K ' +   + ■ a a ■ (2.9)
3 Ka [H+]
Teq.(2.9) to k , = k .K /K . For xanthine, k , at the firstu obs + w' a obs
pH-independent region is 3.33 x 10 6 s *, and by using the 
literature^a pK^ value of 1.2 at 25° ^  gives = 6.31 x 
105 1 mol 1 s l.
In the second pH-independent region, for K > K ' >>
cl  S i
[h +1 > K ", eq. (2.9) reduces to k , = k'K /K '. The valueL J. a ' ^ obs w' a
of k ^ in this region was found to be 1.05 x 10 k s 
and from the experimental data, pK ' was found by a trial- 
and-error procedure (see Chapter 1) to be 6.5 (cf. 7.5 at 
25° ^a). A combination of this data yields k' = 92 1 mol 1 
s 1, ■ The calculated curve drawn for xanthine in Fig.2.1 
has been computed using eq.(2.9) and the above rate and 
ionization constants, together with a value of 10.7 for pK ",
a
also found by the trial-and-error procedure detailed in 
Chapter 1 (cf. pKa " = 11.0 at 25° ^a). The excellent agree­
ment between the calculated curve and the experimental data 
adds support to the assigned mechanisms.
The pH - rate profile for xanthosine also shown in 
Fig.2.1 shows a number of interesting features. As the rate 
data indicate, at low pH at 85° xanthosine hydrolyzes to 
xanthine, with concomitant reduction in rate. Thus the initial 
portion of the pH - rate profile for xanthosine is obscured 
by the prominent hydrolysis. Under these conditions the 
first-order kinetic plots exhibited initial curvature as the 
rate of detritiation changed from the initial value for 
xanthosine to the lower rate for xanthine. Estimates of the 
half-life of this hydrolysis were made from the kinetic
23plots and, assuming first-order kinetics, rates of 
hydrolysis (k^) were calculated at each pH where it was 
apparent. The data are given in Table 2.2 and are plotted 
with the corresponding detritiation rate data in Fig.2.1.
Table 2.2
Rates of hydrolysis of |j3- 3h] xanthosine in acid solutions 
at 85°.
p H (85°) I0hk. /s~Vip
2.00 7.70
2.31 4.05
2.72 1.83
3.03 1.20
The drawn line has a slope of -1 and the second-order rate
constant at 85°, k^yd' found to be 0.10 ± 0.03 1 mol 1 s 1.
This observation agrees well with the mechanism proposed by
17 18Zoltewicz et al. ' shown in Scheme 2.2, and which yields 
a rate equation of the type (2.10).
k ,;, =  k h y d l > +J ( 2 - 1 0 )
At very high pH, in marked contrast to xanthine, the
rate of detritiation of xanthosine increases dramatically,
suggesting the involvement of the dianionic molecule which
is the predominant species present in solution in this pH 
24region. In this species it is likely that the 5 '-hydroxyl 
proton is also ionized.^
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The observed detritiation rate data can be interpreted 
in terms of the rate law (2.11).
Rate = kobs[Xs]T = k* [XsH3+] [0H~] + k' [XsH2] [o h “]
+ k"[XsH~] [0H“] + kI_[Xs2~] [OH-]'
(2.11)
Using a similar treatment to that given above for xanthine 
the rate equation becomes
TkTK
v =   + w
obs , K K ' K K 'K "
[H+l + K + -2-2- + — a- §  ■§_
[H+] [H+] ^
k 1Kw
, [H+] 2 K ' K "
[h ] + K 1 +   + ■ a ■ aL J  ^ r H—i
k  [h ]a
k"Kw +
[H+J + K " + - +
[H+j * [H+]
a K ' K K 1a a a
k 2_ [OH-]
[H+] [H+] * [HU
1 +   +   + ------
(2.12)
K " K 'K " K K 'K "a a a a a a
where K& = [XsH2] [H+] / [ X s H 3+ ]  , K 1 = [XsH ] [h*] / [ X s H 2]  ,
Ka" = [Xs2 ] [H+] / [XsH ], and k^, k' , k", and k ^  are the 
second-order rate constants for hydroxide ion attack on the 
N-7-protonated molecule (XsH3+), the neutral molecule (XsH2) 
the monoanionic molecule (XsH ), and the dianionic molecule 
(Xs2 ), respectively.
At high pH, eq.(2.12) reduces to (2.13), which suggests
that a plot of k b against [OH ] should be linear, with 
T
slope k 2_ and intercept k"Kw/Ka ,,. The data given in Table 2 
k"K
knh. =    + kJ_[OH] (2.13)
k H
a
and plotted in Fig.2.2 shows that such a plot is linear, 
the value of k being 6.06 x 10 * 1 mol 1 s 1 . The
Table 2.3
Rates of detritiation of [8-3h] xanthosine in aqueous 
sodium hydroxide solutions at 85°.
[OH ] /mol 1 1 lO^k , / s 1 obs
0 2.32
0.100 3.11
0.415 4.87
0.480 6.38
0.575 5.88
0.821 7.61
1.000 8.26
computed curve drawn for xanthosine utilizes the following
-98-
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Fig.2.2 A plot of k , „
for the detritiation of [8-3 H] xanthosine at high
against hydroxide ion concentration 
 
pH, according to eg. (2.13).
values
= 3.65 x lO6- 27
k' = 2.05 x 10k
k" = 5.84 x 10"1
ka_ = 6.06 x 10"^
27
24
pK  ^ 1.6 * a
pK^1 = 4.6 (lit.
PK i _
24
1 mol
= 5.58 at 25°)
9.1 (lit. = 9.87 at 25
Again, the good agreement signifies the validity of 
the chosen rate expression.
2.3.2 The Detrit'tation of Methyl\_8- 3 H~\ xanthine s
pH - Rate data for the detritiation of [8-3H] theophylline 
is given in Table 2.4 and plotted in the form of a pH - 
rate profile in Fig.2.3. Theophylline exhibits the simplest 
form of pH - rate profile encountered in such systems, namely
Table 2.4
Rates of detritiation of £8-3 h] theophylline (4) , f~8- 3 H] - 
theobromine (7) , ,[8” 3h]paraxanthine (8) and |~8-3HJcaffeine
(5) in aqueous buffer solutions at 85°.
1 0 6 k ob. / B ' 1
pH(25° ) pH( 85 ° ) (4) (?) (8) (5)
- 0 . 0 2 9 - 0 . 0 2 9 0 . 122
0 . 0 0 0 . 0 0 0 . 3 8 8 0 . 5 0 0
0 , 6 l o . 6 i 0 . 644
1 , 0 0 1 . 0 0 1 . 1 2 , 1 . 2 6 1 . 5 6 1 . 9 11. 40 1. 40 5 . 0 3
2 . 0 0 2 . 0 0 1.63', 1.69 2 . 0 6 5 . 1 2 2 . 5 0
3 . 0 0 3 . 0 0 1.78 2 . 3 6 2 . 5 8
4.01 4 . 1 0 5 . 5 5
5. 02 5 . 02 2. 37
5 . 6 0 5 . 6 0 1.64
5.83 5.83 1.71
5.  8 ** 5.84 2 . 5 26. 27 6 . 1 0 3 9 . 8
6 . 6 5 6 . 4 8 87 .4
7 . 0 0 6. 25 1 . 38 2 . 5 2  ( 1 . 9 1 ) *
7 . 1 8 7.01 2 4 5 .0
7 . 2 0 6 . 7 2 1 . 39
7 . 51 7 . 03 1 . 1 1 2 . 5 3
7 . 89 7. 41 3 . 1 0
8 . 2 0 7 .7 2 7 6 7 .0
8 . 25 7. 77 0 .947
8.84 8 . 3 6 6 .1 7 4 . 7 0
9 . 0 6 8 .5 8 0 . 444
9 . 1 8 8 . 7 0 1240, 1 2 9 0
9 .29 8 . 8 1 9 . 2 2
9. 31 8 .83 8 . 9 7
9 . 50 9 .02 1 1 . 6 0
9. 69 9 . 2 1 v 1 6 . 4 0
9 . 75 9 .27 1 6 . 9 0
9.96 9 . 48 2 6 . 5 0
9.97 9 .49 1 8 . 1 0
10.07 9 . 59 3 9 . 1 0
10.17 9 . 69 2 1 . 5 0 1 3 1 0
10.85 10.37 1 3 8 8
1 2 . 0 0 1 0 . 5 0 3 4. 70
1 2 . 6 0 1 1 . 1 0 1 2 1 0
1 3 . 0 0 11. 50 1 9 0 . 0 1535
13.29 11.79 3 1 8 . 0
13. 70 1 2 . 2 0 8 9 7 .0
14. 00 12. 50 1970 1 697
14. 28 12. 78 2285
14. 40 1 2 . 9 0 2 8 1 0
aIn D20.
10"5
10-6
U)
U)
_a
o
10-7
10-8
4 6
pH (at 85° )
8 10
Fig.2.3 pH - Rate profile for the detritiation of C8“ 3h ]- 
theophylline in aqueous buffers at 85 . The curve 
is drawn using eq. (2.15).
a bell-shaped curve indicative of detritiation occurring
■j"
via the N-7-protonated theophylline molecule, TpH2 ; i.e. 
a rate equation of the type (2.14). This type of behaviour
Rate = k^QTpHj/j [OH ] (2.14)
has been observed for imidazole (refs. 10 and 11 and Chapter
12 3 2 291), benzimidazole, adenine, purine, and glycyl-L-histidine.
A much less complicated treatment than used for the previous
between the calculated curve and experimental data is obtained, 
thereby supporting the proposed mechanism.
The pH - rate data for the detritiation of [8-3H] theo­
bromine are given in Table 2.4 and plotted as a pH - rate 
profile in Fig.2.4. Theobromine is seen to exhibit more 
complex behaviour than the isomeric theophylline, and this 
is due to the presence of a titratable proton on N-l, in the 
pyrimidine ring. The form of the pH - rate profile suggests 
rate-determining hydroxide ion attack on (i) the N-7-proton- 
ated theobromine molecule, TbH2 + , occurring at low pH; {ii) 
the neutral theobromine molecule, TbH, occurring at inter­
mediate pH; and {Hi) the monoanionic theobromine molecule,
Tb , observed at high pH.
xanthines yields e q.(2.15), in which
and K^' = [Tp J [H+J /[TpH] . The calculated curve shown in
kobs (2.15)
Fig.2.3 utilises eq.(2.15) together with k^ = 1.14 x 106
1 mol V s  1, pK = 0 . 7  (lit.^a = 0.7 at 25°) and pK 1 = a , a
5 s. o7.9 (lit. = 8.5 at 25 ). Once again, good agreement
Thus, a three-term rate equation is applicable to the 
detritiation of theobromine:
10“7
pH (at 85° )
Fig. 2.4 pH - Rate profileQfor the detritiation of [8-3H~]-
theobromine at 85 . The curve is drawn using e q . (2.17) 
and values given in the text.
Rate = ^ b s P ^ T  = k+ C rbH2+] [0H_] + k'[TbH][OH]
+ [Tb_] [OH-] . (2.16)
By a similar treatment to that used for the detritiation
of xanthosine, eq.(2.17) can be obtained, in which K =a
[TbH] [H+] /[TbH2+J and Ka ' = [Tb“] [h +] / [TbH] . At high pH,
k^K k'K+ w w
k°bs . +, . V V  + CH+]2
'a + [H+] K.
D O  + K ' + - a - a . - ------- • + [H+] + K ■
a
kT [on-]
  (2.17)
[H+] 2 [H+]
  +   + 1
K K ' Ka a a
eq. (2.17) reduces to (2.18), suggesting that a plot of k ^
_ Ip
against [OH J should be linear with a slope k_ and intercept 
k'K^/K 1. The data given in Table 2.5 and plotted in Fig.2.5
k * k
kobs = + k-PO (2-18)
a
shows this to be the case. Results are given for the 
detritiation in H 20/OH and D20/0D solutions. The reaction 
can be seen to be little affected by the change in catalyst.
Table 2.5
Rates of detritiation of (JB— 3 H] theobromine in NaOH and 
NaOD solutions at 85°.
[OL J /mol 1 1 104k . /s 1 obs'
0a 0.215
o .o ia 0.347
0.099 1.94
o .io o a 1.90
0.195a 3.18
0.198? 4.02
0. 395 7.70
0.500a 8.97
1 . oooa 19.7
OH solutions; OD solutions.
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Fig.2.5 Plot of k , against lyate ion concentration for 
the detriSiltion of [8-3h] theobromine at 85 , 
according to eq.(2.18). Open circles represent 
measurements made in H 2O/OH solutions: closed 
circles represent measurements made in D2O/OD .
The computed curve in Fig.2.4 was constructed using
eq. (2.17) with = 3.76 x 106 , k' = 6.34 x 10 2 , k^ = 1..
1.95 x 10 3 1 mol 1s 1, pK = 0 . 3  (lit.^a = 0.3 at 25°) anda
pK ' = 9 . 0  (lit.^a = 11.0 at 25°); the good agreement a
- J . U O -
supports the choice of the rate equation.
Paraxanthine has a structure similar to that of theo­
bromine and the pH - rate profile would be expected to be 
of a similar form. Table 2.4 contains the detritiation rates 
of [8-3H]paraxanthine at different pH values. These are 
plotted in the form of a pH - rate profile in Fig.2.6. As
10'7
10 12 ue4 620
pH (at 65 °  )
Fig.2.6 pH - Rate profile for the detritiation of [8-3h]- 
paraxanthine at 85 . The computed curve was drawn 
using eq.(2.17) together with values given in the 
text.
can be seen, it is of a similar form to that shown in Fig.2.4 
for theobromine. The inflection points occur at different 
pH values due to the different pK^'s associated with the 
two isomers. The rate increase observed at high pH for 
theobromine is not as apparent in paraxanthine. The calcul­
ated curve in Fig.2.6 was constructed using eg.-(2.17) and 
the values = 5.50 x 106, k' = 98.4, kT - 5 x 10 * 1 mol 1T —
s"1, and pK = 0 . 5  (lit.5a = 0.5 at 25°) and pK ' = 7.6 a a
5 ci o(lit. = 8.6 at 25 ). Again, good agreement is observed.
Methylation of theophylline, theobromine or paraxanthine 
yields caffeine. The results for the detritiation of [jB--3H]- 
caffeine are presented in Table 2.4 and plotted as a pH -
rate profile in Fig.2.7. The behaviour of caffeine is
3 2reminiscent of adenosine and the 9-alkylpurines. In the
latter cases, the rate data were explained in terms of rate-
determiriing hydroxide ion attack on the protonated and
neutral molecules at low and high pH, respectively. Caffeine
presumably follows the same routes, represented by the rate
Tequation (2.19), where kQ is the second-order rate constant
Rate = k^[CafH+] [0H~] + k^[Caf] [0H“] (2.19)
for hydroxide ion attack on the neutral caffeine molecule. 
Eq.(2.19) leads to (2.20) on expansion, where Ka = [Caf] fH+J /
Eq.(2.20) implies that a plot of against []0H J at
--LU / *“
i
(/)
.oo
pH (at 85
Fig.2.7 pH - Rate profile for the detritiation of [jB — 3h] — 
caffeine in aqueous buffers at 85 . The computed 
curve is drawn using eq.(2.20).
T  kTK + w ^ L o h -]
kobs (2.20)
[H+] + K [H4] + K,
+  T
high pH (Ka >> [H J ) should be linear with slope kQ and an
intercept of k.K /K . This can be seen to be the case from c + w a
the data given in Table 2.6 which is plotted in Fig.2.8.
Table 2.6
Rates of detritiation of [8-3h ]caffeine in aqueous borax- 
NaOH buffers at 85 .
10“ [o h ”] /mol l"1 106k . /s” 1 obs '
0 2.53
0.724 4.70
2.14 8.97
3.31 11.6
5.13 16.4
9.55 28.5
12.3 39.1
30
20
10
0
0 2 U 6 10 12 U8
10* [O H"]/m ot I ' 1
Fig.2.8 Plot of k , against hydroxide ion concentration 
for the difritiation of [8-3H]caffeine in borax 
buffers at 85°.
The calculated curve in Fig.2.7 is drawn using e q.(2.20)
kobs(D2°)' was evaluated by carrying out the detritiation 
reaction in water and D20, and was found to be 1.27.
2.4 DISCUSSION
The rates of detritiatioh from the C-8 position of the 
xanthines studied can be interpreted in terms of rate-deter­
mining hydroxide ion attack on the different ionized species 
present in solution. Hydroxide ion abstraction of the C-8 
tritium atom produces ylide- or carbanion-type intermediates. 
These highly reactive entities then react with the solvent 
water in a fast step, so regenerating the catalyst (Scheme 
2.3) .
Ttogether with k ,T
s 1, and pK = 0.5 (lit a
2.52 x 106 and kT = 2.72 x 10 2 1 molo
.5a = 0.5 at 25°).
For caffeine, the solvent isotope effect, k (H 2 0)/
R
N
R
.N.
R
N
OH
slow;
carbanion H20 
fast
R
R
R
N
H H H
ylide 
Scheme 2.3
— -L-LU*"
The observed good agreement between the experimental 
data and the theoretical curves constructed lends support 
to the proposed mechanisms. Table 2.7 summarizes the 
empirical constants used in the construction of the theoretical 
curves.
The bell-shaped pH - rate profile for theophylline 
resembles the detritiation behaviour of similar compounds 
which possess an unsubstituted imidazole ring and which do 
not contain titratable protons elsewhere in the molecule,
e.g. imidazole (refs. 10 and 11 and Chapter 1), benzimidazole,
12 2 3purine, and adenine. In these cases, the N-7(9)-
protonated molecule (N-3 in imidazoles) is the only active
species. The rate of detritiation is inhibited by th6
ionization of the so-called imidazole pyrrole nitrogen proton
(N-9 in xanthines) which creates a negative charge a to the
position of exchange. The results for theophylline are in
agreement with the recent data of Jelinska and Sobkowski 
o 9at 82 . These workers pointed out that for theophylline 
other mechanisms could be used to explain the observed pH - 
rate behaviour. The rate-determining step could for instance 
involve oxonium ion attack at the C-8 position of the anionic 
molecule. However, this was ruled out since the behaviour 
of caffeine at low pH was similar to that of theophylline, 
and caffeine cannot exist as an anion.
Xanthine is an example of a purine containing an 
unsubstituted imidazole ring, but contains a dissociable
proton in the uracil ring. This serves to complicate the 
detritiation behaviour (Fig.2.1) because of the formation 
of the xanthine monoanion at 5 <'pH'< 9. From an x-ray 
crystallographic investigation,^0 it has been shown that 
deprotonation has occurred at N-3 in the xanthine monoanion. 
The mechanism put forward to account for exchange in this 
pH region essentially involves the neutral xanthine molecule 
However, there exists the possibility that the kinetically- 
equivalent xanthine zwitterion (9) is the active species.
31An equivalent species (10) was postulated by Tomasz et al. 
to account for the observed detritiation behaviour in 
guanosine. The methylxanthines studied shed some light on 
the active species involved and will be discussed later.
Ribose
CO)
At high pH, the rate of detritiation of xanthine is
seen to decrease as a result of the ionization of the N-7
proton, creating a negatively-charged centre on the imidazole
ring, making OH attack unfavourable. This implies that
the ionization constant (pK = .11.0) quoted by Bergmann et 
5 ci oal. at 25 is due to N-7 proton ionization (from their u.v.
study, they were unable to assign the site of ionization
responsible for this pK value). The ionization sequencea
of xanthine therefore becomes that shown in Scheme 2.4.
Scheme 2.4
In the case of xanthosine, the situation is more 
complex since there is a further species which is actively 
involved in the detritiation mechanism, the xanthosine 
dianion. In addition, there is ionization at pH ca.9 due 
to dianion formation which leads to an observed rate decrease 
of 10%.
The second-order rate constants for OH ion attack on 
the ionized xanthosine species are observed (Table 2.7) to 
decrease as the development of negative charge in the molecule 
increases.
29
A rate increase at very high pH has recently been found 
in a similar system, namely 6-mereapto [8-3h]purine riboside.
It was suggested that in this system the monoanion was the 
active species. Theobromine and paraxanthine monoanions 
resemble 6-mercaptopurine riboside inasmuch as their mono­
anions undergo attack by OH at high pH. At lower pH, some
O O I —
workers ' favour OH attack on a zwitterionic form of
-113-
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the neutral molecule, in which protonation of the imidazole
pyridine nitrogen atom is advocated, with concomitant
production of a negative charge in the pyrimidine ring.
4Other workers have suggested that the neutral molecule is 
the active species.
To help clear up this uncertainty, the behaviour of
theobromine, paraxanthine and caffeine were studied. The
magnitudes of the second-order rate constants for each pH
region can be compared. From Table 2.7 it can be seen that
T
the respective values of k+ are very similar. However, an
inspection of the values for the "neutral" substrates shows
Tthat some differences arise. Since the values of k+ are
very similar, methylation of the pyrimidine ring apparently
does not significantly affect the rate of exchange from the
protonated substrate. In this respect, one might expect the
second-order rate constants for the mechanisms involving
the neutral molecules to be similar. However, the rates
are in the ratio 1 : 2.3 : 3618 for caffeine : theobromine :
paraxanthine. In this light, it is felt that the mechanism
of exchange in potentially-zwitterionic compounds probably
involves both the neutral molecule and its kinetically-equiv-
alent form, and the measured second-order rate constants,
Tk', are composite functions, according to eq.(2 .21). kQ
kT + K k l  (2.21)o zw ±
Tand k+ refer to the exchange involving the neutral molecule
-115-
and the zwitterion, respectively, and-K - = [zwitterion] /
[neutral molecule].
For theobromine and paraxanthine, kQ can be approximated
Tto the value for caffeine. The term K k is thus seen to bezw ±
greater for paraxanthine than for theobromine, suggesting 
greater zwitterion activity (greater Kzw) in the former. One 
explanation for this may be the participation of solvent 
molecules in the intramolecular proton transfer from N-3 to 
N-9, as shown in Scheme 2.5, applicable to paraxanthine 
(R = CH3) and xanthine (R = H ) . Obviously, this mechanism
0
RN zw RN
Scheme 2.5
H
is not available to theobromine, and could therefore explain
the small zwitterion contribution in this case. It is
interesting to note the similarity in magnitude of the k 1
values for paraxanthine and xanthine, the only two compounds
in this study which can possibly undergo zwitterion formation
33by the mechanism shown in Scheme 2.5.
The existence of ylides as intermediates in reactions 
involving xanthines has been postulated in order to account 
for the facile decarboxylation of caffeine-8-carboxylic acid
in boiling water. The generally-accepted mechanism is
shown in Scheme 2.6. The zwitterion (11) loses carbon dioxide
H 3C H 3C\
(1 1)
Scheme 2 .6
to produce an ylide intermediate which then protonates at 
C-8 either by reaction with the solvent or by proton migr­
ation.
Finally, th6 observed solvent isotope effect, (H20) /
k ^ g  (D20) = 1-27, measured for caffeine, is dependent upon
the values of k^{H20) , k^(D20), K (H20) , K (D20), K (H20)
"r + w w a
and K (D20), according to eqs.(2.22) and (2.23). Ideally
a
kobs(H*0) kf(H20)K (H20) / K (H20) t w a (2.22)
kobs(D*0) = k^(D20)Kw (D20) / Ka (D20) (2.23)
it would be useful to know the value of the solvent isotope 
T T
effect k+ (H20)/k+ (D20), but for this ratio to be evaluated
a knowledge of the isotope effects for and is necessary
If it is assumed that the correction for K is about half asa
large as that for K for a shift to D 20 , ^  the value ofw
T T —k+ (H20)/k+ (D20) is 0.63, emphasising that OD in D20 is a
more powerful base than OH in H 20, as indicated from other
2 35
solvent isotope effect data for base-catalyzed reactions. '
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3.2 INTRODUCTION
Tritium-labelled nucleotides are widely used in biochem­
ical research and this matter has been the subject of an 
extensive review published by The Radiochemical Centre.^
Tritium is invariably used as the radionuclide because ,of 
the ease with which labelled compounds can be prepared. 
Consequently, the compounds are relatively inexpensive.
However, as a result of the ease of tritiation, serious 
labilization of the tritium atom may under certain conditions 
result. It seems pertinent therefore to identify closely 
the conditions under which such labelled compounds can be 
safely employed.
As a preliminary study in the attempted tritium labelling
2of nucleic acids, McDonald and Philips found that the C-8 
proton of adenosine 5 1-monophosphate (5'-AMP; (2)) exchanged 
in D20 with a half-life of 90 minutes at 92°. Ostermann et al.
NH
H O -P-O C H
OH OH
prepared tritiated purine nucleoside diphosphates merely by
heating the unlabelled materials in tritiated water at 100°.
Shelton and Clark reported the incorporation of tritium
into purines, including nucleotides, and assessed their
value in biochemical research. This was followed up in
subsequent studies'^'^ in which the purine residues of DNA
were labelled with tritium and the resultant labelled DNA
used in hybridization investigations.
7-11In a series of publications, Maslova and co-workers
have used hydrogen - tritium exchange in 5'-AMP and poly (
adenosine 5 '-monophosphate) (poly A; (2) )//t.o evaluate the effect
of conformation on the rate of tritium labelling. The
retardation (about fourfold) of the hydrogen - tritium
7 8exchange in the adenylic residues of poly A ' and co-polymers
9
containing both adenine and uridine residues as compared
NH-
NK
vr ^  \
(2 )
k
°fH20^
N _
HO— P - 0
with 5 ’-AMP was ascribed to the ordering of the secondary 
structure and appearance of base-stacking interactions in 
the polymers. The pseudo-first-order rate constant for 
hydrogen - tritium exchange was used as a probe for macro- 
molecular conformation and the "coefficient of exchange retar­
dation, Kr " was defined by eg.(3.1).
kQbs (nucleotide or nucleotide mixture) ^  
Kr ~~ ■ k0j3S (polynucleotide or nucleic acid)
Thus for poly A, = kQ^s (5'-AMP)/k ^ (poly A). These 
authors extended this idea to evaluate the effect of tertiary 
structure on the rate of hydrogen - tritium exchange in 
tRNA^^ and DNA."^ They compared the rate constants for tRNA 
with those obtained for a mixture of nucleotides in the same 
relative proportions as in tRNA. Once again a rate retard­
ation was obtained with tRNA as compared with the mixture.
Another approach to the use of hydrogen - tritium exchange 
to obtain conformational information of nucleic acid structure 
has been provided by Schimmel and co-workers.^  ^  In this 
method, specific tRNA's were incubated in buffered tritiated 
water for a given period of time. The resultant isolated 
tritiated tRNA was then digested with the enzyme Ti RNase. 
Two-dimensional chromatography served to separate the Ti 
fragments and from the specific activity of each fragment 
labelling rates were obtained. Subsequent digestion with T2 
RNase yielded specific activities and labelling rates of 
each base of the Ti fragment. Such studies have established 
that the rate of hydrogen isotope exchange at the C-8 position 
of the purine residues of nucleic acids is sensitive to the 
local environment of the particular base.
13Gamble et al. point out that there are two possible
causes for hydrogen - tritium exchange rate retardations in 
a macromolecular structure such as is found in nucleic acids. 
The first is that the local stucture may alter the acidity 
of the C-8 proton. The second possibility may be the 
inaccessibility of solvent molecules to the C-8 position of 
the particular purine. From the studies to date, this 
question has remained largely unresolved.
The use of vibrational spectroscopy has also found its
place in the study of the "slow" isotopic exchange in nucleic
acids and their constituents. Thus, using infra-red
15spectroscopy, Fritzsche obtained evidence for the deuteration
of purine residues of DNA. More recently, a novel method
for obtaining quantitative hydrogen - deuterium exchange
rate data, namely using laser Raman spectroscopy, enabled
16 17Thomas and Livramento ' to follow the kinetics of C-8 
deuteration in 5'-AMP, 3',51-cAMP(3), and poly A as a
NH
0
function of temperature at pD 7. On the basis of pseudo- 
first-order rate constants, the results obtained showed that 
poly A exchanged its C-8 proton more slowly than 5'-AMP or 
cAMP. In addition, the Arrhenius behaviour was complicated
in cAMP and poly A inasmuch as the plots showed regions of 
differing activation energy (the discontinuities occurring
suggested as being responsible for the two distinct regions.
observe any discontinuity in their Arrhenius data for 
hydrogen - tritium exchange.
It is apparent from the above that little mechanistic 
information has been forthcoming in the case of hydrogen 
isotope exchange in purine nucleotide systems, whereas
considerable effort has been directed towards the investi-
18-23 18—27gation of the corresponding nucleosides and bases.
It was therefore considered important to evaluate from a
mechanistic viewpoint the effect of the phosphate moiety in
nucleotides on the rate of detritiation as well as making
an appraisal of the stability of the tritium atom when used
in in vivo and in vitro biochemical studies.
In the present study, therefore, detritiation from the 
C-8 position of the nucleotides 5'-AMP, adenosine 3'-mono­
phosphate (3 '-AMP; (4)), cAMP, guanosine 5 1-monophosphate 
(51-GMP; (5)), and inosine 5 1-monophosphate (5'-IMP; (6)),
at 50° and 60°, respectively). Conformational changes were
7It is interesting to note that Maslova et al. did not
n h 2 0
0 OH
1 OH OH
0 = P -0 H
OH
as well as the polynucleotide poly A, has been investigated 
as a function of pH at 85°.
3.2 EXPERIMENTAL
3.2.1 Materials
The disodium salts of 3 1-AMP, 5'-GMP and 5'-IMP, the 
monosodium salt of S'^'-cAMP, and the potassium salt of 
poly A were obtained from Sigma. The disodium salt of 
5'-AMP was obtained from Koch-Light.
3.2.2 Preparation of Tritiated Nucleotides
Without exception, [8- 3H] nucleotides were prepared by 
incubating a mixture of the unlabelled compound (ca. 50 mg) 
and tritiated water (The Radiochemical Centre, Amersham;
20 yl? 5 Ci ml 1) at 85° for 18 hours. The tritiated water 
Was then removed by lyophilization. A small amount of water 
was then added to the solid to exchange labile tritium and 
the water removed again. This method was found to give 
reasonable incorporation of tritium into the 8-position 
(specific activities of approximately 0.1 Ci mmol M ,  except 
for poly A which gave very low incorporation.
Throughout the work n.m.r. and u.v. spectra were used
in order to show that no decomposition occurred under the 
tritiation conditions. In addition, a comparison of the *H 
and 3H n.m.r. spectra for 3\-AMP (Fig.3.1) showed that the 
label was confined to the C-8 position. In the adenine ring
3*-AMP
H-8 ’ H-2
t i i r i ; i i r
U  10 9 a 7 6 S 4
Fig.3.1 A comparison of the 1H (90 MHz) and proton-decoupled 
3H (96 MHz) n.m.r. spectra of 3'-[8- H]AMP in D20 
(pD - 9; DSS internal standard).
it is also possible to label the C-2 position with tritium
20under more severe conditions (the C-2 position is known 
to be approximately 2000 times less reactive than the C-8 
position) but clearly no label has been incorporated in this 
position under the present experimental conditions.
3.2.3 Reaction Solutions
All reaction solutions were as listed in the Experimental 
Section of Chapter 1.
3.2.4 Kinetic Procedures
The rates of tritium - hydrogen exchange were measured 
in the pH range 1 - 12.5 at 85° using the experimental 
methods already outlined in Chapter 1.
3.2.5 Stability of the Nucleotides in Acidic and 
Alkaline Media
As a consequence of the high temperature used in this
study, some knowledge of the stability of the nucleotides
under extreme pH conditions is necessary. It was mentioned
in Section 2.2.5 that nucleosides were subject to acidic
28hydrolysis causing scission of the N-glycosyl bond. Such
28hydrolysis is found to also occur with nucleotides, the 
corresponding base and ribosyl phosphate being obtained.
Under alkaline conditions hydrolysis also occurs, although
now the corresponding nucleoside and inorganic phosphate
29are the products. This probably proceeds by hydroxide ion 
attack on the C-5'(3') carbon atom of the 5 1(3')-nucleotide 
dianion with elimination of POi+3 .
Nucleic acids and polyribonucleotides are known^0 to 
be subject to alkaline hydrolysis (0.1 M KOH for 20 minutes 
at 100°; 0.3 M KOH for 16 hours at 37°) giving rise to (n. — 2) 
mixed 2'- and 3 1-mononucleotides. The reaction is believed 
to proceed via 2 1,3’-cyclic nucleotide intermediates which 
then react further with hydroxide ion to form the products 
(Scheme 3.1). Evidence for such a mechanism comes from the
2‘ -
3’-
5>
B, -OH' Br+1 OH
O yH
0 - P
•0>
0
0-^-H 
o— P
-0 ° \
B B
OPO-
2 -
OH
Scheme 3.1
B
OH
OPO. 2-
\ /  
•O'" x o
fact that polydeoxyribonucleotides are less susceptible 
to alkaline hydrolysis. In this case, in the absence of 
a 2 ’-hydroxyl group, neighbouring group participation is not 
possible.
In their study of the kinetics of hydrogen - deuterium
exchange in 5'-AMP, 3 ,,5,-cAMP and poly A by laser Raman
17
spectroscopy, Thomas and Livramento were able to monitor 
certain group frequencies characteristic of the particular 
substrate during the course of the exchange reaction. They 
demonstrated that at pD 7 no observable changes in the 
Raman spectra occurred up to a temperature of 90°.
3*3 RESULTS
3*3,1 Adenine Nucleotides and Poly A
Throughout the pH range studied (1 - 12.5 at 85°) first- 
order kinetics were strictly obeyed, as shown by the plots 
of log(a^ - afc) against time.
Detritiation rates for the [8- 3h]adenine nucleotides
5'-AMP, 3'-AMP and cAMP are given in Table 3.1 and plotted
in the form of pH - rate profiles in Figs.3.2, 3.3 and 3.4,
respectively. Also shown in Fig.3.2 is the corresponding
18pH - rate profile for adenosine. The main noticeable
feature of the plots for 5'- and 3'-AMP (Figs.3.2 and 3.3)
is the rate decrease observed at 5 < pH < 6. In both of
31-33these cases it is known that secondary phosphate ioniz­
ation occurs within this pH range. This suggests that the 
rate decrease observed is as a result of the ionization of 
the secondary phosphate group. As a test of this, 3',5'-cAMP
Table 3.1
Rates of detritiation of 5 ' - [8-3 H] AMP (2), 3'-[8-3h] AMP (4) , 
and 3 ' ,5 1 -c []8- 3HjAMP (3) in aqueous buffers at 85°.
pH( 25 ° ) pH(85°)
(1) (4) (3)
1.95 1.95 0.694 0. 427
2. 95 2.95 1. 91 2. 77 1 . 6 2
3. 25 3.25 3 . 05 - _
*1 . 0 1 4. 10 3.51 5 .8 7,  5 . 70 3 . 77
4 . 4 l 4 . 41 3 . 56 ,  3.,72 _
4. 44 4.44 6 . 2 0 -
5 .1 9 5.19 3. 78 - _
5 . 2 0 5 . 2 0 _ 6. 55 4 . 21
7 . 0 0 6.25 2 . 50 ,  2. 
2,04
,31, 4 .62 3 . 8 0
7 . 90 7.73 2 . 0 3 - _
9 . 1 8 8. 70 2 . 15 ,  2 .,17 4 . 50 4. 83
11.57 10.07 - - 1 3 . 8
1 2 . 0 1 10.51 5-25 - _
12.13 10.63 - 1 3 . 6 5 1. 1
12. 39 10.89 - 23. 9 7 7 . 6
1 2 . 6 6 1 1 . 1 6 - 49.4 1 3 8 . 0
1 2 . 8 0 11. 30 2 6 , 2 _ ■_
12.94 11  .44 1 0 0 . 0 2 4 7. 0
1 2 . 9 6 11.46 4 1 , 0 _ _
13.23 11.73 6 5 , 1 _ .
v, .13.30 1 1 . 8 0 _ 2 8 0 . 0 4 1 2 .0
13. 40 1 1 . 9 0 1 2 3 .O - -
was studied in an analogous^manner and since it possesses 
no secondary phosphate group, no rate changes in the region 
of pH 6 should be observed. Fig.3.4 shows this to be the 
case which makes the above interpretation feasible. The pH - 
rate data obtained for the adenine nucleotides are consistent 
with rate-determining hydroxide ion attack on the various 
ionized species present in solution; the departure from the 
behaviour of adenosine itself is a consequence of the presence 
of an additional ionized species in the case of the nucleotide.
We can represent the 5'-AMP molecule in acid solution (7)
-132-
Fig . 3
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Fig.3.3 pH - Rate profile for the detritiation of 3'-[8-3h]- 
AMP in aqueous buffers at 85 .
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as H AMPH , where the prefixed H denotes base protonation 
and the suffixed H represents primary phosphate ionization 
(the 5 '-AMP molecule as shown in (1) would be AMPH2)* similar 
to the system used in ref.34. For 5'- and 3'-AMP the total 
nucleotide concentration ([AMP]T ) is given by eq. (3 .2), since
[AMP]T = [H+AMPH“] + [AMPH-] + [AMP2“] (3.2)
-JLJ4-
-6
1A12106 820
pH (at 85°)
Fig.3.4 pH - Rate profile for the detritiation of 3' ,5'- 
c|_8- 3h]amp in aqueous buffers at 85 .
+ 3 4
the formation of H AMPH occurs at very low pH, outside
the range of the present study. The ionization constants
associated with this system are:-* K& = [h+A M P H [ H +] / [H+AMPH 2] ;
Ka ' = [AMPH-] [H+] / [H+AMPH-] ; and Ka" = [AMP2-] [h +] / [AMPH-] .
If we assume a mechanism analogous to that observed
18for adenosine, i.e. rate-determining hydroxide ion attack
35
on the N-7-protonated molecule at low pH and the neutral 
molecule at higher pH, it would not explain the rate decrease 
at 5 < pH < 6. However, if the three-term rate equation (3.3) 
is employed such a rate decrease, due to secondary phosphate 
ionization, can be satisfactorily explained for 5'- and 3'-AMP
Rate = kobs [AMP] T = kT+ - [H+AMPIG [OH-] +
H AMPH
k' [AMPH"] [o h "] + kT [AMP2”] [OH"] (3.3)
AMP2"
<P rp
In e q.(3.3) the rate constants k , , k 1 and k _ refer
H AMPH" _ AMP2
to hydroxide ion attack on the species H AMPH , AMPH and
AMP2 , respectively. Combination of eqs.(3.2) and (3.3),
together with the various ionization constants yields e q . (3.4)
kT . K k'K+ ^ IT1,r w wk = H AMPH__________     - p -
obs , K ' K "  7 [H4!
r- ^  ^  r- 4— . *- -1
2
D O  + Ka - + [H+] + v
a [H+] a K
kT [OH-]
AMP2"
+   7---- -7--- (3.4)
[H+] [H ] 2
1 +   + ------
K " K 'K ”
a a a
For K^' >> [H4] >> Ka ", eq. (3.4) simplifies to =
Tk _K /K ' which corresponds to the first plateau for
H AMPH w T
5'- and 3'-AMP at pH - 4-5; thus k can be evaluated
H AMPH"
a
o 42
from a knowledge of Ktt (pK^ = 12.50 at 85 ) and Ka 'w
43
(pK ' was chosen by a trial-and-error procedure which gave 
a
best fit to the experimental data - see also Chapter 1). At 
high pH, for Ka" »  Qi+] , eq. (3.4) reduces to (3.5) , suggesting 
that a plot of k ^ g  against [OH J should be linear/ the slope
k'Kw
“obs K " a
+ kT [0H~]
AMP2
(3.5)
Tbeing k _ and intercept k'K^/K^1. Fig.3.5 shows such a
A M P *
'Adenosine
3*. 5 ’ -cAM
i
V)
cn
o
3*-AMP
5*-AMP
0 0.1 0.2 0 .3
(0H ~] I mol l"‘
Fig.3.5 Plots of k„, against [OH J for the detritiation of
5'-[8-3h]a0PS (©) , 3 1 - [8- 3HJ AMP (O) / 3' , 5 '-c [8- 3h] AMP 
(©) , and poly [8- 3H] A (x) . Data for [8- 3Hj adenosine 
from ref.18 are included (-.......).
plot and for 5'- and 3'-AMP linearity is observed. From
44
the intercepts and literature Ka" values (extrapolated to 
85° from the published thermodynamic data), k' values were 
obtained.
In the case of cAMP which has only one ionizable proton, 
the behaviour is analogous to its parent nucleoside adenosine. 
From a comparison with the primary phosphate proton of 5'- 
or 3'-AMP, cAMP would be expected to exist in the phosphate 
ionized form throughout the pH range studied (i.e. the two 
forms present are represented by H+AMP and AMP”).
By using a similar treatment as described above for
5'- and 3'-AMP, it can be shown that e q.(3.6) holds for cAMP
18
(cf. the rate expression for adenosine ). The terms
kT _K • [Olf]
   (3.6) .
[H+J + Ka '
T t
k. , , and k refer to hydroxide ion attack on the
H AMP" _AMP“ _ _
species H AMP and AMP , respectively, and K :l; = [AMP ] [h ] /
[H AMP ] . At high pH, eq. (3.6) reduces to (3.7), whence a
plot of kQks against [OH ] would be expected to be linear
T Twith slope k and intercept k , K /K ', analogous to
AMP~ H AMP- W a
the finding for the previous AMP isomers. The data for cAMP
are also plotted in Fig.3.5 illustrating that such a plot is
indeed linear. The second-order rate constants can be extracted
from the slope and intercept of the plot as described above.
. T
k>bs
Tk K
H AMP~ W
[H+] + K >
Second-order rate constants, together with both 
experimental and literature equilibrium constants are presented 
in Table 3.2, and these have been used to construct theoretical 
pH - rate profiles in conjunction with eqs.(3.4) and (3.6).
These values are to be compared with the values obtained
18 Tfor adenosine: pK (protonation on N-l) = 2.9? k = 2.15 x
cl T
10s and kT = 1.92 x lO*"2 1 mol 1 s 1.- As can be seen from o
Figs.3.2 - 3.4, very good agreement between the theoretical 
curves and experimental points is obtained.
Table 3.2
Kinetic and equilibrium data used in the construction of 
the best-fit theoretical curves for the detritiation of 
[8- 3h]adenine mononucleotides.
S u b s t r a t e
.. «
pK r  a
H AMPH
k T
H*AMP~
■
k k T
AMP"
k T 2-AMP
i - i  - i  1 mol s
3 ' -AMP 3 . 1  ( 3 . 6 5 ) b 5 . 6 5 1 . 6 5  x  1 0 5 3 . 2 3  x  1 0 2 1.01 x  1 0"
5 ' -AMP 3.0 ( 3 . 8 o ) b 5 . 9 6 1.20 x  1 0 5 - 7 . 3 5  x  1 0 2 - 0 . 3 7 5  x  10
3 '  , 5 ' - c A M P 3.1 ( 3 . 6 0 ) 0 - - 1.06 x  1 0 5 2 . 7 8  x  1 0 " 2
Values extrapolated to 85° using literature d a t a ? ^
b o 44Literature values at 25 ?
CLiterature value in D 20 at 32°.
Due to the low specific activity of the poly A, only 
a limited number of detritiation rate constants could be 
obtained, and these are presented in Table 3.3 and plotted 
in the form of a pH - rate profile in Fig.3.6 . The general 
shape of the curve is similar to that of adenosine and 
3',5'-cAMP, indicative of only one ionizable proton in the
Table 3.3
Rates of detritiation of poly[8- 3H~]A in aqueous buffers 
at 85°.
pH (25°) pH (85°) 105k , /s” 1 Obs ■
4.01 4.10 0.337
4.30 4.30 0.855
4.63 4.63 2.18
5.02 5.02 2.23
7.89 7.41 2.27
9.18 8.70 3.03
12.58 11.08 41.5
12.98 11.48 84.4
90.5
13.28 11.78 209.0
oq
hydrolysis
0 2 6 8 10 12 U
pH (at 85° )
Fig.3 .6 pH - Rate profile for the detritiation of poly[8- 
in aqueous buffers at 85 .
pH range studied. Thus, at low pH, eq.(3.8), which is
analogous to that used for adenosine or cAMP, can be used
to describe the observed behaviour. K 1 is the ionization
a
T
k , K+  — wH pAMP
kobs =     <3 '8>
[«+] + Ka >
T
constant for N-l protonation and k __ the second-order
H pAMP
rate constant for detritiation of the protonated polymer.
At low pH, the best fit of the experimental data to eq.(3.8)
4 5  n
yielded K ' = 4.3 (cf. the literature value at 22 of 5.87)
and k = 3.53 x 10 1 mol s ; these values were
H pAMP~
used in the construction of the solid line in Fig.3.6 . At 
high pH, the results were consistent with the known hydrolysis 
pattern^0 of poly A; the dotted line shown in Fig.3 .6 
represents the data of 3'-AMP from Fig.3.3. The results 
at high pH are also plotted in Fig.3.5 as a function of 
[OH ] , the coincidence of these points with the 3'-AMP data 
being evident.
3,3.2 5 r~GMP and 5 '-IMP
Results for the detritiation of 5'-[8-3h]gmp and 5 1-
[8- 3H]lMP at 85° are given in Table 3.4 and plotted as pH -
rate profiles in Figs.3.7 and 3.8, respectively. For
Table 3.4
Rates of detritiation of 5 1 -J~8- 3h] GMP (5) and 5 1 - [~8 — 3h] IMP
(6) in aqueous buffers at 85 .
p H (25°) p H (85°)
10s
(5)
kobs/s_1
(S)
1.95 1.95 3.39 4.61
2.95 2.95 7.09 4.70
4.01 4.10 8.19 4.17
4.56
4.47 4.47 4.26
5.20 5.20 8.19 4.37
7.00 6.25 7.82
8.23
6.44
7.28 6.80 8.53
7.96 7.48 13.5
8.01 7.53 * 13.7
8 .7 9 8.31 20.9
8.83 8.35 19.0
9.18 8.70 27.0
28.7
28.7
9.63 9.15 46.5 25.8
10.86 10.38 58.4
11.77 11.29 60. 5 40.4
12.20 10.70 39.2
13.70 12.20 50.4
13.88 12.38 58.3
14.00 12.50 65.1
14.30 12.80 141.0
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comparison, data for the parent nucleosides guanosine and 
inosine are also given. The very close similarity between 
the pH - rate profiles for the nucleosides and nucleotides 
is immediately apparent. This suggests that the same 
mechanisms of exchange are applicable. It is also evident 
that the pseudo-first-order rate constants for the nucleotide 
are always smaller than for the corresponding nucleoside, 
which is also the case for the adenine nucleotide data (Fig. 
3.2). However, unlike 5'- and 3'-AMP, the pH - rate profiles
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for 5'-GMP and -IMP do not show evidence of any rate lowering
at pH 5-6, in the region of secondary phosphate ionization.
One possible rationalization of this is that this effect,
observable in 5*- and 3'-AMP, is masked by the earlier onset
of a second mechanism of exchange thought to involve either
19the unprotonated base moiety, or a kinetically-equivalent
2 2zwittenonic fofm. The data for 5'-IMP do not extend to
46pH < 2 because of the risk of hydrolysis.
In addition to the detritiation mechanisms observed
19for inosine in a previous study, Fig.3 .8 shows the presence 
of a mechanism at high pH ( >12) resulting in a rate increase. 
This must involve the species IMP2 (abbreviation system 
analogous to that used previously for 5'-AMP).
The pH - rate data obtained leads to rate equations 
taking the form of (3.9) and (3.10) for 5'-GMP and -IMP, 
respectively.
Rate = kT [H2+GMPH“’J [0H~] + k' [HGMP2”] [0H~]
H2 GMPH“ (3 .9)
Rate = kT [H2+IMPH~] [0H~] + k' [HIMP2~] [0H~]
h2 imph”
+ k^ _ ["IMP2 [0H~] (3 .10)
IMP2
If the relevant ionization constants for these systems 
are as represented in Scheme 3.2 ("N" denotes nucleoside)
and the total NMP concentration, [nmp] t , is given by eq. (3.11)
, K , _ K ' K " K " 1 _
H2 N M P H ; = ^  H2 NMPH HNMPH a HNMP2 "  - - NMP2
Scheme 3.2
then it can be shown that eqs.(3.12) and (3.13) follow for 
5'-GMP and -IMP, respectively.
[NMP] T = [H2+NMPH] + [H2+NMPH“] + [hNMPH~] +
[HNMP2"] + ["NMP2"] (3.11)
T
k X K
H 2 gmph" W
k
obs K ' K "  K * K 11K 1 *
[h +] + k ' + a a +/_?' a a
+12[H"] [Hi
k ' Kw
 _______________ (3.12)
[H+] 2 [H+] 3
[H ] + Ka" ' +   +  ;___
K " K fK "a a a
Tk K
H 2 imph" W
k
The above two equations simplify considerably in the 
two plateau regions. In these cases both expressions reduce 
to k , = kT . K /K ' and k . = k'K /K " 1 enabling
obs h 2+nmph“ w a obs w a
the second-order rate constants to be evaluated as described
for the simpler case of imidazole in Chapter 1. At high pH,
in the case of 5'-IMP, eq.(3.13) reduces to (3.14), so that
k'K
k„.a =  !L + k* _ [OH_J (3.14)"obs
K IMP'a
a plot of kQks against [pH J should be linear with slope 
Tk and intercept k'K /K "'. Fig.3.9 shows a plot of
“IMP2” w a
the data at high pH and it is seen to be linear.
The computed curves shown in Figs.3.7 and 3.8 have been 
drawn using eqs.(3.12) and (3.13), respectively, together 
with the empirical parameters given in Table 3.5. The 
corresponding data for guanosine and inosine are also presented
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3
1.21.00.80.60.20
I OH"] / mol f 1
Fig.3.9 Plot of k . against [OH J for the detritiation of
5'- |j8- 3H ] a t  high pH at 85°, according to eg.. (3.14).
in Table 3.5, the rate constants quoted being the analogous
m T
parameters k (under the column headed "k , ") and k'
H 2 nmph”
for the nucleosides. The value k was unobtainable
h2 imph“
due to the lack of pK ' data from the kinetic measurements
. a
made for 5 ’-IMP. If the pK is assumed to be the same asa
Table 3.5
Kinetic and equilibrium parameters used in the construction 
of best-fit pH - rate profiles for the detfitiation of 
5'-[8-3h]GMP and 5'-[8-3h]imp at 85°. Data for the nucleosides 
guanosine and inosine are taken from ref.19.
Substrate K
II
PKa PKa
. -H NMPH
t
k 2-NMP
,-1 -1 1 mol s
5'-GMP 2.2 6.4a 8.7 1.64 x 106 3.82 -
(Guanosine 2.2 - 8.9 3,11 x 106 6.05 )
5 '-IMP - 6.4a 8.2 - 9.05 2.47 x 10”4
(Inosine 1.2 - 8.2 1.56 x 107 16.8 - )
D O
Evaluated from thermodynamic data and pK "(25 ) = 6^66 from 
ref.49.
for inosine itself (guanosine and 5'-GMP were found to be
the same), then kT , = 8 . 8 0  x 106 1 mol 1 s 1. Through-
H 2 imph”
out the present work, the good agreement between experimental 
data and theoretical curves justifies the choice of the 
rate expressions.
■3.4 DISCUSSION
The mechanisms of tritium - hydrogen exchange at the
C-8 position of purine derivitives have already been
18 19 43satisfactorily elucidated, ' ' the reactions being
specifically hydroxide ion catalyzed and proceeding via 
ylide- or carbanion-type intermediates.
From the pH - rate data obtained in the present study, 
the behaviour of the nucleotides has been found to be 
analogous to their nucleoside counterparts. However, the 
introduction of a phosphate moiety into the nucleoside 
creates two new potentially-ionizable sites in the molecule, 
increasing the number of ionized species possible in aqueous 
solution.
In the case of 3 1- and 5'-AMP, evidence has been obtained 
for the involvement of the species AMPH in the detritiation 
mechanism, whereas the Involvement of the corresponding 
species, HNMPH , in the 5'-GMP and -IMP cases appears to be
either absent or masked. That the species AMPH is active 
is evident from the rate decrease observed In the region of 
the pK for secondary phosphate ionization (pH -6); thus 
two plateau regions are obtained (Figs.3.2 and 3.3), whereas 
adenosine shows a single pH-independent region (Fig.3.2).
The pseudo-first-order rate constants obtained for the 
nucleotides are, in general, smaller than for the corresponding 
nucleosides (Figs.3.2, 3.7 and 3.8), and this is a consequence 
of the ionized state of the phosphate moiety (within the 
pH range under investigation, the primary phosphate hydrogen 
atom is ionized). In the case of 3',5'-cAMP, only one 
plateau region is obtained since it bears no secondary 
phosphate hydrogen atom, providing evidence for the rate 
decreases in Figs.3.2 and 3.3 being due to the presence of 
this ionizable proton.
The influence of the 5 '-phosphate group in purine 5'-
nucleotides on the acidity of the C-8 proton has been
31“ 3 3Investigated by *H n.m.r. studies and used as evidence
for an ant^-conformation being predominant in such compounds.
37Solid-State x-ray crystallographic data also points to
the existence of 5'-AMP in an anti-conformktion. The anti-
conformation of 5'-AMP is depicted in Fig.3.10, which
illustrates that the phosphate group is in juxtaposition to
the C-8 position, so influencing the n.m.r. parameters
associated with C-8 (the C-2 proton is not as greatly 
3 1 3 2affected ' ). In the 3 ’-nucleotides, the phosphate group
cannot approach either the C-2 or C-8 protons and, on
OH OH
Fig.3.10 The disodium salt of 5'-AMP depicted in an anti- 
conformation.
secondary phosphate ionization, their corresponding n.m.r. 
parameters are little affected. However, the detritiation 
rate data for 3 ’- and 5'-AMP show similar effects upon 
secondary phosphate ionization suggesting that the factors 
influencing the kinetic results may be different from those 
affecting the n.m.r. measurements (i.e. the stereochemical 
environment and the charge on the phosphate group). Instead, 
one may conceivably postulate the formation of a zwitterionic 
species as shown in Scheme 3.3. Migration of the remaining
NH2 H
t o  -
I I
Ribose-P= 0 
I- 
0
(H+AMP2”)
(8)
phosphate proton from AMPH to the N-7 site of the base could
Ribose-P = 0
(AMPH )
Scheme 3.3
•j- 2
result in the formation of the species H AMP , which would
necessarily only have to be present in low (although kinetically-
significant) concentrations. A similar explanation has been 
48put forward to account for the occurrence of large 
ultrasonic absorption maxima in 5'-AMP solutions, an obser­
vation not found for adenosine. This maximum occurs at a 
pH (5.05) equal to h (pK^' + pK ") and is said to result from
a
a direct proton exchange between the secondary phosphoric
acid function and the base nitrogen atoms. It is interesting
to note that this behaviour was not observed for 5'-GMP and
-IMP, in which only small maxima (approximately 10% of the
amplitude found for 5'-AMP) were apparent at pH 4.2, typical
48of the behaviour of ribose 5'-phosphate itself. This
latter absorption was ascribed to the ionization of the
48secondary phosphate proton, since it was also found to be 
independent of the nature of the base.
The idea of the formation of such a species (8) is 
consistent with the observed second-order rate data for the 
detritiation in this region (Table 3.2). k 1 for 5'-AMP is 
seen to be larger than for 3'-AMP. On the basis of a purely 
steric effect (the ionized phosphate group "shielding" the 
C-8 position from attack by OH ), one would expect the reverse 
trend. The close proximity of the phosphate group in 5'-AMP 
to the N-7 position enables more facile proton migration, 
particularly with participation of solvent molecules, as 
shown overleaf in (9).
Further evidence for the existence of a species other 
than AMPH in solution at intermediate pH comes from the 
second-order rate constants found for 3'- and 5'-AMP (k'): 
a comparison with the value obtained for the analogous species 
of 3 1,51-cAMP, AMP , shows the former to be approximately 
four orders of magnitude greater.
The measured second-order rate constant for 3'- and
5'-AMP, k', is therefore a composite function (see also
Chapters 1 and 2), involving rate-determining hydroxide ion
— + 0 —attack on the species AMPH and H AMP2 , according to e g . (3.15),
kT T (3.15)
AMPH
where kzw = [H+AMP2 j /[AMPH]. Since kT is estimatedZ W  —I ■— -j —
AMPH
to be approximately 101* times smaller than k ' , eg. (3.15)
Treduces to k' = K___k , . Unfortunately, no estimate of
The behaviour of the adenine nucleotides at high pH
(Fig.3.5) illustrates the effect of the ionized state of
the phosphate moiety and its position with respect to the
C-8 site. At the pH under which the plots were obtained,
complete ionization of the phosphate group has occurred, so
that no species other than AMP2 (31- and 5'-AMP) and AMP
(3',5'-cAMP) are present. The second-order rate constants
for the compounds studied were found to decrease in the order
kT (cAMP) > kT (adenosine) > kT (3'-AMP) > kT (5'-AMP).
AMP” ° AMP2" AMP2”
Thus the inductive effect of the ribose-phosphate group is
greater than that of ribose, even when it bears a single
negative charge (in cAMP). Of the two remaining isomers,
31-33the ant^-conformation of 5'-AMP hinders the approach
-  m
of OH to the C-8 position. Thus k is greater for 3'-
AMP2"
AMP in which the phosphate group is unable to interact 
directly with the C-8 region.
Surprisingly, the rate constants associated with the
+ — + — 
adenine ring-protonated species H AMPH and H AMP at low
pH do not follow the same pattern as for the high pH
mechanisms (Table 3.2). This may be a consequence of different
18degrees of N-7 protonation necessary for exchange at C-8 .
35Adenine is known to favour N-l protonation although the 
presence of kinetically-significant concentrations of the 
N-7-protonated molecule has been i n v o k e d ^ t o  account for 
the observed exchange in adenine and adenosine.
The results obtained for the detritiation of poly[8- 3h]A
X 8show behaviour resembling the parent nucleoside adenosine,
and 3',5'-cAMP, both of which have only one ionizable proton
in the pH range investigated. The observed pK& value for
poly A (4.3) is over one pK unit higher than that of thea
monomer, 5'-AMP. The second-order rate constant for the
detritiation of the base-protonated species is approximately
30 times less than that obtained for 5 '-AMP. This behaviour
7-11is in accord with the conclusions of Maslova et al. and
16 17Thomas and Livramento, ' based on observed first-order
rate data. As can be seen by comparing. Figs.3.2 and 3.6 for
5'-AMP and poly A, respectively, the first-order rate constants
do not differ significantly at pH(D) 7, the pH(D) at which
7the above workers operated. Also, the observation that at
pH 4.1 the first-order rate constant for poly A is much less
than that of 5 '-AMP can be explained by the pK differencesa
for base protonation. Poly A exists as hydrogen-bonded
50double-strand helices at low pH, whilst single-strand
helices predominate in neutral solution accompanied by
51extensive base-stacking. The slower rates of exchange in
poly A compared with 5 '-AMP have been ascribed to such, base- 
7-11stacking. However, according to the Arrhenius data of
17Thomas and Livramento, the activation energy for hydrogen - 
deuterium exchange in poly A above 60° (22 kcal mol” 1) is 
almost identical to that for 5'-AMP (24.2 kcal mol r) and 
3',5'-cAMP above 50° (23.5 kcal mol 1). They interpreted 
these results in terms of both base-stacking interactions 
(predominant below 60° in poly A) and steric effects due to 
the poly A polymer backbone (predominant above 60°). The 
present results are consistent with this explanation, since
we find no evidence for a structural transition as a function 
£ TT ^ J „ 52 , TT ^of pH as observed by Steiner and Beers at pH -6. This 
would be compatible with the poly A existing as a single­
stranded structure with little base-stacking at the temperature 
of the present investigation. At high pH, the detritiation 
results are consistent with the onset of hydrolysis, giving 
a mixture of 2 1- and 3 '-AMP (see Section 3.2.5). The dashed 
line in Fig.3 .6 is reproduced from the data shown in Fig.3.3 
for 3'-AMP at high pH.
The observed behaviour of 5'-GMP and -IMP does not
appear to be as complex as has been found for 5'-AMP. In
fact, the very great similarity in detritiation behaviour
between the 5'-nucleotide and its parent nucleoside points
to analogous mechanisms being operative. Unlike 5'-AMP,
no change in rate in the vicinity of secondary phosphate
ionization is evident (the pK for this process is 6.4 ata
o 49
85 ). Either there is no proton transfer from phosphate
to base as suggested previously for 3'- and 5'-AMP, in accord
with the results of the ultrasonic absorption experiments
48of Zana and co-workers or any such effect may be masked
by the rate increase (Figs.3.7 and 3.8) attributed to the
19neutral nucleotide molecule or its kinetically-equivalent
22zwitterion {10), formed as shown in Scheme 3.4. The
0 0
N 0
I _  I
Ribose—P— 0
Kzw
0
-P— 0
0
(H±NMP 2"~) 
(10)
I.
0
(HNMP 2~)
Scheme 3.4
formation of a species such as ( 10 ) is not possible for
adenosine nucleotides as they do not possess an ionizable
N-l proton, leaving the species H+AMP2 (equivalent to
+ 0 ~~H2 NMP2 in 5'-GMP or -IMP) dominant, with concomitant 
decrease in the pseudo-first-order rate constant. As outlined 
in the previous Chapter for paraxanthine and theobromine, it 
is likely that the parameter k 1 is composite, comprising 
contributions from both neutral and zwitterionic molecules. 
Thus, for 5'-GMP and -IMP, eq. (3.16) follows. In this equation
kT + K .kTA (3.16)
HNMP2~ ZW H±NMP2'
T Tk and k are the second-order rate constants
HNMP2” H“NMP2~
for hydroxide ion attack on the neutral and zwitterionic
(proton transferred from N-l to N-7 in the heterocyclic base)
molecules and Kzw is the equilibrium constant associated
with the formation of the zwitterion (see Chapter 1).
At high pH (K 11' >> H+ ) a mechanism (Scheme 3.5)3
involving the species IMP2 (11) has been observed (Figs.
3.8 and 3.9). Similar mechanisms involving anionic base
moieties have been observed in studies of the detritiation
53of 6-mercaptopurine riboside, xanthosine, theobromine 
and paraxanthine (Chapter 2). Such mechanisms are plausible 
if there is no possibility that, through resonance, the 
negative charge can reside in the five-membered imidazole 
ring. If this occurs, concomitant reduction in the rate 
of exchange will result (cf. anion formation in imidazole
o 0 o
N O
i I
Ribose-P = 0
+ OH ; kT
IMP2
SN 0
I I
Ribose-P = 0
0
Ribose-P =  0
0 0 0
(1 1)
Scheme 3.5
25 19(Chapter 1 and ref.54), benzimidazole, guanine, hypox-
,, . 19 , . 18 j . 26vanthme, adenine, and purine ) .
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4.1 INTRODUCTION
The generally-accepted mechanisms for hydrogen isotope
1-4 4-9exchange common to all imidazoles, purines, and
thiazoles'^ ^  involve rate-determining hydroxide ion 
attack on the protonated (la) (or N-alkylated {lb)) molecules
R
(1) a R (2 )
b R = e.g. CH3
and in some instances the neutral molecule (2), proceeding 
via ylide and carbanion intermediates, respectively. Rate 
constants associated with the protonated molecule are 
typically 109 times greater than those found for the 
corresponding neutral molecules (cf. caffeine in Chapter 2,
1-methylguanosine and 1-methylinosine in Chapter 1, thiazole
10 5and benzothiazole, and 9-alkylpurines ) demonstrating the
effect of the positive charge in the heteroaromatic ring.
In the presence of added metal ions, species such as 
(la) may be replaced by metal ion-co-ordinated species (3) 
and the second-order rate constants associated with the 
latter would be expected to be intermediate between those 
of the protonated and neutral molecules if an analogous 
mechanism is operative (Scheme 4.1).
solvent fast
Scheme 4.1 exchange
The present study has two origins. Firstly, a desire 
to devise practical methods to increase the facility of 
hydrogen isotope exchange in such heterocyclic systems - 
this would have consequent benefits in labelling studies. 
Secondly, a better understanding of the nature of such 
interactions could be of benefit in studies involving 
nucleic acid constituents.
13Olofson et.al., in a study of deuterium - hydrogen 
exchange of 1-methyl [5-2H]tetrazole (4) , demonstrated that 
a complexation by Cu(II) and Zn(II) ions caused a major 
rate enhancement. At low pH where the tetrazole ring is 
protonated, they found that the addition of metal ions
(typically 0.025 M solutions were used) had little effect.
Hydrogen isotope exchange behaviour of tetrazoles is
k n o w n " ^ ' ^ ^  to differ from that of purine heterocycles at
low pH; whereas imidazoles and purines undergo base-catalyzed
15exchange under normal pH conditions, tetrazoles are
susceptible to exchange via an acid-catalyzed mechanism.
14Thus, the behaviour observed with tetrazoles need not 
necessarily reflect the trends occurring in the purines.
16 — 18
In recent laser Raman spectrophotometric studies 
of complex formation between heavy metal ions (chiefly 
CH3Hg+ -*-6/17 an(j Q?t (en) (H20)V] 2+ an^ purine nucleosides 
and nucleotides, Tobias and co-workers observed a decrease 
with time of the intensity of the Raman frequency corres­
ponding to the C-8 hydrogen of the complexed purine on 
standing in D20 at room temperature. This effect was 
noticable in the case of inosine (5) and guanosine 5'-mono-
1 ft —
phosphate (6) at pD 8 . These observations were attributed
Ribose Ribose S'-phosphate Ribose
(5) (6) (7) a X = NH2
b X = H
to metal ion co-ordination to the N-7 position of the
19molecules, in agreement with the findings of Simpson for 
the co-ordination tendencies of CH3Hg . These metal ion-
co-ordinated species were thus found to show a similarity
2o 21to N-7-alkylated species such as 7-methylguanosine (7 a) '
22and 7-methylinosine (7b) in D20, for which the C-8 proton
signals are absent in the XH n.m.r. spectra due to rapid
exchange with the solvent. Such labilization of the C-8H
bond upon complexation at N-7 may explain the reported
mercuriation of the 8-position of purine nucleotides with
23
Hg(OAc)2 under mild conditions.
Although extensive quantum mechanical calculations of the
tautomers of nucleic acid bases have been made (e.g. see
ref.24), there is now evidence which indicates that many
metals interact at different sites to the proton. Adenosine
25(8), for example, protonates at N-l (pK = ca. 3.5 )a
Ribose
(8)
whereas Cu(II) binding has been found using *H n.m.r. line- 
broadening techniques to occur at N-l and N-7 as indicated 
by the broadening of the H-2 and H-8 signals, respectively. 
With the adenine nucleotides, adenosine 3 '-monophosphate and
adenosine 5 1-monophosphate, preferential binding occurs at
26 27N-7. Glassman et al. have used Klopman's perturbation
28theory to predict the site(s) of protonation and metall-
ation on the bases of purine nucleotides. It was found that,
29
in general, "hard" acids (e.g. Mn(II)) should bind to N-l
of adenine, while the "soft" acids (e.g. Ag(I), Pt(II), Hg(II),
CH Hg(I)) should prefer N-7. For "borderline" cases (e.g.
Cu(II), Zn(II), Ni(II)), the situation is more complicated,
26as illustrated above for the Cu(II) - adenosine system.
Using similar n.m.r. line-broadening phenomena as
outlined above, Berger and Eichhorn^ were able to identify
the sites of interaction in the Cu(II) - inosine system.
They found that the particular site of interaction (N-l vs.
N-7) was governed by both temperature and pH. At low pH
25
where N-l is protonated, N-7 is favoured, whereas at higher 
pH, N-l becomes the preferred site. Increasing the temper­
ature also makes N-l binding more favourable. At room
temperature and intermediate pH both N-l- and N-7-co-ordinated
, , 30species were found.
It has long since been known that metal ions are 
invariably associated with nucleic acid preparations. In 
recent years, much work has been directed towards elucidating 
the nature of such associations. In this respect, studies 
of metal ion interactions with the individual nucleic acid 
constituent bases, nucleosides and nucleotides have been 
carried out (for reviews see refs. 25, 31-33).
In the most complex case, that of a purine nucleotide, 
the molecule, offers a variety of potential co-ordination 
sites. Not only are the various sites on the purine base 
(N-l, N-3 and N-7) available, but also complexation to the
ribose residue and phosphate group(s) is possible. The
nature of the interaction depends greatly on the metal 
25
ion. Generally, co-ordination to the ribosyl oxygen 
atoms only occurs at high pH on dissociation of the hydyoxyl 
proton.34
In the free base, N-9 is also available as a co-ordin­
ation site and it has been found that this is the preferred
35-39 4o 41
site in adenine and guanine ' complexes. In the
corresponding nucleosides, N-9 is blocked by a ribosyl
group and co-ordination at N-3 is hindered for both adenine
31and guanine (and presumably hypoxanthine) derivatives.
In these cases N-7 is the preferred site, although in
adenine derivatives N-1-co-ordination is only slightly
42less favourable. Thus, in the nucleotide molecule, the
usual sites of interaction are N-7 on the base and/or 
phosphate. Simultaneous co-ordination to both base and 
phosphate has been observed for some nucleotide - metal ion 
complexes, e.g. the polymeric structures of the isostructural 
complexes [Zn (5'-IMP)] *H20 43 and [Cu (5'-IMP)] *H20 44 
(Fig. 4.1) where x-ray studies have provided evidence for
. \Sugar / °— M
\ Base
Basie I 0 v"Su9Qr
\ V - ckT
V  K
Sugar^  / M
h - T S f 3 JS t - ^ 6  Base
, 43 44Fig.4.1 The polymeric crystal structure ' of
[M(5'-IMP)] *H20 where M = Cu(II) or Zn(II).
base N-7 and phosphate binding. It is unlikely, however,
4 3
that this polymeric structure exists in solution. In 
contrast, simultaneous binding has not been observed for 
the complexes [Ni (5 '-GMP) (H20) 5] * 3H20 ,45 [Ni (5 ’-IMP) (H20) 5] *
2H20, 46 [Co(5'-GMP) (H20) 5] *3H20 ,43 [Mn (5 ' -GMP) (H20) 5] • 3H20, 47 
and [Co(5'-IMP)(H20)5J *2H20 ,43 where purely N-7 binding was 
evident. Similar conclusions have been reached on the
2 6
basis of n.m.r. studies (e.g. the Cu(II) - 5'-AMP system ) 
and on the basis of rates of metal ion-enhanced dephosphor­
ylation of purine nucleoside 5'-triphosphates.48'49 Since
50Rosenberg's discovery of the anti-tumour properties of 
some Pt(II) complexes, much effort has been concentrated
on the interaction of Pt(II) with DNA and its constituents.
51 52 18 42 5 3-59
Thus, such techniques as u.v.-visible, ' n.m.r. ' '
18 5 3  5 4
and Raman spectroscopy, ' ' and x-ray crystallography
60— 62 have been used in the study of Pt(II) - purine
complexation. On the basis of u.v. difference-spectral
51measurements, Rosenberg and co-workers found that both 
cis- and trans- [pt(NH3)2Cl2] bind monofunctionally to N-7 
of guanosine and inosine, a finding substantiated by x-ray 
methods.^0
Platinum contains a naturally-occurring (33.7%) isotope,
195Pt, which possesses a nuclear spin (I = %) so that
coupling between 195Pt and adjacent protons should be seen
in the 1H n.m.r. spectra of platinum - purine complexes.
Together with chemical shift data, this coupling has enabled 
42 52 55-57 59many workers / ' 9 to assign Pt binding sites in
,, i . 42,52,56,59 55,57,59the complexes formed with adenosine, ' 9 guanosine,
55 57 55inosine, ' and xanthosine. Apart from adenosine, where
there appears to be both N-l and N-7 complexation (which
may also involve the 6-amino group in mononucleoside 
52
complexes ), predominant N-7 co-ordination occurs as 
indicated by 195Pt - H-8 coupling -30 Hz .
As discussed above, it is well-established that metal
ion co-ordination to purine nucleosides and nucleotides
invariably involves the N-7 position; the same position is
involved in the formation of the conjugate acid encountered
5 - 7
in C-8 isotopic hydrogen exchange at low pH. To
determine the effect that metal ion co-ordination has on 
the rate of tritium - hydrogen exchange in purines, there 
are two possible approaches.
(i) One can study the detritiation of the labelled purine
in media containing the particular metal ion. This involves 
the formation of the complex(es) in situ.
(ii) The (well-characterized) complex could be prepared 
and isolated, and subsequently labelled with tritium by 
base-catalyzed exchange. The rate of detritiation of this 
complex in aqueous buffers could then be measured.
Both of these approaches have been used in the present
study. To illustrate method (i) , detritiation of the £8- 3h]-
labelled substrates 1-methylguanosine (9a), 1-methylinosine (9b)
5'-IMP (10) and 3 1-AMP (11) has been studied in the presence
of Cu(II), Zn(II) and Ag(I) ions. These metal ions were
selected by virtue of their co-ordination behaviour. Ag(I),
being a "soft" acid, co-ordinates only to the base nitrogen
25atoms, favouring N-7. Cu(II) and Zn(II) are both "border-
Ribose Ribose 5'-phosphate Ribose 3-phosphate
(9) a X = NH2 (10) (11)
b X = H
line" acids and, in general, co-ordinate to both base and 
phosphate; Cu(II) just prefers base co-ordination, while 
Zn(II) just favours phosphate.
Method (ii) is typified by the detritiation of the 
Pt(II) complex cation ois-[pt(ethylenediamine)(guanosine)2J 2 • 
X-ray crystallography has shown N-7 co-ordination (Fig.4.2) 
and this is supported by 195Pt - H-8 coupling in the n.m.r.
Fig.4.2 The molecular structure of the [Pt(en)(guanosine)2] 2+ 
cation (from ref.61).
55spectrum = 26 Hz). It has been noticed in the
*H n.m.r. spectra of Pt(II) - purine nucleoside complexes
that the H-8 proton signal disappears on standing in D 20
solution. Thus, in guanosine complexes with <?-£s-dichloro-
b i s (l-methylimidazole-2-thiol)-Pd(II) and -Ptfll) Sehand 
59and Jordanov found complete loss of the H-8 resonance
in approximately 2 hours. This finding is in accord
with the observations made by Tobias and co-workers. 1 8 / 5 4
4. 2 EXPERIMENTAL
4.2.1 Materials and Methods
1-Methylguanosine, 1-methylinosine, 5'-IMP and 3'-AMP 
were obtained from Sigma and tritiated by homogeneous 
exchange with tritiated water as described in Chapters 1 
and 3.
The Pt(II) complex chosen for study was prepared by
55the method of Kong and Theophanides. The reaction sequence 
is shown in Scheme 4.2. Cis-[Pt(en)I2] was prepared by 
first treating an aqueous solution of K 2PtClt* (Johnson- 
Matthey) with KI, which yielded K 2PtIi*, and subsequently 
mixing the product with an equimolar quantity of ethylene- 
diamine* Cis-[Pt(en)I2] was produced as a yellow precipitate
KI en
^PtCl^ +'Cis-[Pt (en) I2J ■' +
(en = ethylenediamine)
Cis- [Pt (en) (guanosine) 2] 12
Scheme 4.2.
which was then filtered off and washed with water. The 
cis- [Pt(en)I2] (0.2 mmol) was mixed with guanosine (0.4 mmol)
This solution was filtered and the filtrate evaporated to
was refrigerated to precipitate the excess, unreacted 
guanosine, which was subsequently removed by filtration.
The solvent was removed from the filtrate by lyophilization, 
whereupon a white solid was obtained which analyzed as 
0(25.6%), H (3.3%) and N(15.4%). Cis- [pt (en) (guanosine) 2] 12 
requires C(24.6%), H(3.2%) and N(15.6%). Labelling of the 
complex (ca. 10 mg) was effected by dissolving in tritiated 
water (The Radiochemical Centre, Amersham; 10 yl; 5 Ci ml *) 
and leaving the solution at 25° for 6 h. The exchange 
reaction was quenched by the addition of an excess of
0.050 M potassium hydrogen phthalate solution (pH 4.1) and 
the solvent removed by lyophilization. Labile tritium was
in water (ca. 10 ml) and stirred overnight at 50°-60°
half its initial volume at 40°. The resulting solution
then removed from the complex by dissolving in water (ca.
20 yl), followed by lyophilization. This process was 
repeated twice. The presence of the potassium hydrogen 
phthalate during the washing process ensured that loss of 
tritium from the guanosine C-8 position was kept to a 
minimum by maintaining a low pH.
All inorganic salts used in this study (Cu(NO3)2•3H20, 
CuSOif «5H20 / AgClOi*, ZnS0it*7H20 and NaClOi») were of AnalaR 
grade. The concentration of the metal ion solutions used 
ranged from 0 - 0.1 M and for Cu(II) and Zn(II) solutions 
this was determined by EDTA titration. In order to 
eliminate possible ionic strength effects, sodium perchlorate 
was used to maintain a constant ionic strength of 0.40 
in the Cu(II) systems. Weighed amounts of AgClOi* were 
used in the case of Ag(I) solutions.
All kinetic procedures have been described previously
in Chapter 1. Rates of detritiation of cis- [Pt(en) ([8- 3H]-
oguanosine) 2J 12 were measured at 25 in potassium hydrogen 
phthalate and acetate buffers in the pH range 4-6. The 
behaviour of this complex is compared with that of 7-methyl- 
guanosine which has a fixed positive charge associated 
with the imidazole ring in the betaine structure (7 a ).
4.3 RESULTS
4.3.1 Complex Formation in situ
The pH - rate behaviour in the absence of metal ions 
has already been described for 1-methylguanosine, 1-methyl- 
inosine and 7-methylguanosine in Chapter 1, and for 5'-IMP 
and 3'-AMP in Chapter 3. With the exception of 7-methyl­
guanosine (see Chapter 1) these substrates exhibit a pH-
independent region above the pK for protonation of N-7.a
It was in this region that all of the rate measurements 
in the presence of metal ions were made. The metal ion 
solutions were unbuffered to exclude possible effects 
due to complexation with buffer materials. The pH at which 
the rates were determined was thus the ambient pH of the 
metal ion solutions. Throughout, the observed kinetics 
were strictly first-order. Measurements at 85° revealed 
that the pH of 0.1 M solutions of 'Cu(N03)2 / ZnSOi* and 
AgClOi* was 3.68, 4.16 and 4.70, respectively. Any 
calculations performed herein use these pH values as the 
mean pH of solutions containing these metal ions.
Results for the detritiation of 1-methyl[8-3 h] guanosine 
in the presence of Cu(II) ions at 40° and 85° are given in 
Table 4.1 and plotted in the form of rate ) - LCu2+]
curves in Figs.4.3 and 4.4. The observed results are
surprising in view of the fact that a rate decrease is 
64apparent; initially, the opposite effect was anticipated. 
Since the runs were carried out at a constant ionic strength 
(0.40), primary salt effects can be eliminated as being 
responsible for the rate decrease. In any event, proton 
exchange reactions involving such heterocyclic systems 
are little influenced by ionic strength effects (refs.2,
65 and Chapter 1). Since the Cu(II) ions originated from 
both CuSOi* and Cu(N03)2 solutions, the anion appears to 
have little or no influence on the behaviour.
Table 4.1
Rates of detritiation of l-methy!j~8-3h] guanosine in 
the presence of Cu(II) ions at 40 and 85°.
(pH = 3.68; I = 0.40)
[Cui2+]/mol 1 1 kc" / obs ' s 1 ;at
40° 85o
0 2.21 X io“6 1.92 X io”4
3.154 X io” 3 a 1.69 X io“6 _
1.68 X 10“ 6 _
6.308 X io"3 a 1.33 X 10“ 6 1.43 X io-4
1.031 X io"2 b 1.15 X io“6 1.31 X io-4
1.577 X io“2 a 9.76 X K>“6 _
2.173 X 10~2 a — 1.05 X io” 4
3.154 X io"2 a 7.30 X io-7 _
4.347 X io"2 a — 6.82 X io“5
5.155 X io”2 b 5.10 X 10“ 7 5.81 X 10“ 5
1 . 0 0 0 X io”1 a 4.14 X IO"7 —
1.031 X IO"1 b - 4.11 X 10“5
CuSOi* solutions; Cu(N03)2 solutions.
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The observed results can be interpreted in terms of
a "competition" between hydrogen and Cu(II) ions for the
N-7 position in the purine molecule; in 1-methylguanosine
complexation is only possible at the N-7 site, the main
reason for its choice as a substrate. An observed rate
decrease would be consistent with the protonated molecule
being more reactive than the Cu(II) ion complexed species.
Under the conditions used in this study, the total purine
concentration, [Pur]T , is given by eq.(4.1), ignoring
67species other than 1:1 Cu(II):purine species. Similarly,
[Pur] T = [H+Pur] + £pur] + [MPur] (4.1)
the total metal ion concentration, [m] t , is given by eg. (4.2).
[M] = [Mn+] +' [MPur]. (4.2)
Since £m ]t >> [Pur] in the reaction solutions, [m 11*] - £m ]t .
If we now assume that the detritiation involves rate-
determining hydroxide ion attack on both the protonated and
metallated species, a rate equation of the form shown in
T Teq.(4.3) is obtained, in which k+ and k^ are the second-
Rate = k“bs [Pur] T = [H+Pur] [OH-] +
k^ [MPur] [OH-] (4.3)
order rate constants for the detritiation of the N-7-'
Mprotonated and -metallated species and ko^s is the observed 
first-order rate constant in the presence of the metal ion.
If the stability constant (KMpUr^ t*ie metal ion -
purine complex is defined by eq.(4.4) neglecting activity 
coefficients, it can be shown that in conjunction with e g . (4.1),
KMPur = [Mn+] [^r]/[MPur] (4.4)
eqs. (4.5) and (4.6) follow.
r+ , KMPur M[H Pur] =  i4£ur------ ;---_i-----;----- (45)
^ P u r ^  + KaKMPur +
K [Mn+][Pur]
[MPur] =---    :----i------    (4.6)
^MPur [H+-l + ^a^MPur + ^ a ^
Combining eqs. (4.3), (4.5) and (4.6) and rearranging
leads to eq. (4.7).
kM kX KMPur + kMKa [Mn+] [0H~] (4<?)
C u r l 11"] t *aKMPur + Ka[Mn+]
Since all the runs were performed at a pH falling on 
the plateau region of the pH - rate profiles of the substrates, 
K >> [H+] and eq.(4.7) reduces to (4.8).
T M T r- n+-TK k“ + kA K r”n, M _ + w MPur______ M a - , ^ g %
obs
kX . K -pur H- K- a [ M - ] [OH-] 
Ka (KMPur + [Mn+3 )
The calculated curves shown in Figs.4.3 and 4.4 (and 
all subsequent plots of against [Mn+] ) have been
T
computed using eq.(4.8) together with the values k+ =
3.83 x 10s 1 k£u = 9.44 x lo"2 1 mol"1 s'1, pK =
2.28, pK^pur = 2.09 and pKw = 13.535 69 at 40° (Fig.4.3), 
and k^ = 5.30 x IO6 1 mol 's kjE = 1.44 x IO1* 1 mol 's V, 
pKa = 2.07, pKjJpur = 1.78 and pKw = 12.50 70 at 85° (Fig.4.4). 
The empirical parameters used in the computation of these 
curves were obtained by rearranging eq. (4.8)' to give (4.9) 
and subsequently plotting against / [Mn+] . Akoks
KM AkM
kMfcs = -M P u r , Obs + kT Las-j (4.9)
LMn+J
is the difference between the observed rates in the absence
and presence of metal ions (in the absence of metal ions,
: , = k^ K /K 1obs + w a
T
k  ktt k )• Fig.4.5 shows an example of such a plot
for the Cu(II) - 1-methylguanosine system at 40°; it has
M T r — islope and an intercept kM |_0H J. From a knowledge of
solution pH and K^, [OH J can be estimated and kj evaluated.
In order to establish whether the presence of a phosphate 
group in the molecule significantly affects the detritiation 
behaviour in the presence of metal ions, the substrates 
1-methyl [8-3Hj inosine and 5'-IMP have been investigated and 
the results compared in the presence of Cu(II) and Zn(II) 
ions. The rates of detritiation are given in Tables 4.2 
and 4.3 and plotted as a function of metal ion concentration 
in Figs.4.6 and 4.7 for 1-methylinosine and 5 ’-IMP, respect­
ively. It can be seen that the results for both substrates 
in the presence of Zn(II) ions indicate little or no binding
Table 4.2
Rates of detritiation of 1-methyl[8-3h] inosine in 
the presence of Cu (II), Zn(II) and Ag(I) ions at 85°.
Metal ion [Mn+]/mol l” 1 I05k^bs /s"1
9.02 
7.93 
7.06
6.27 
5.80
5.83 
4.67 
8.75
9.02
8.83 
8.79 
7.62 
6.47 
5.19 
3.98 
3.46 
2.18
CuSOi* solutions; Cu(N03)2 solutions.
Table 4.3
Rates of detritiation of £8-3H]inosine 5'-monophosphate 
in the presence of Cu(II) and Zn(II) ions at 85°.
Metal ion [Mn+]| /mol l” 1 10s kM. /s"1obs '
Cu(II) 0 4.30
1.031 X io” 2 b 3.44
2.173 X io“2 a 2.56
4.347 X io“2 a 2.37
5.155 X io’2 b 2.30
6.310 X io~2 a 2.18
1.144 X io"1 a 1.78
Zn(II) 6.110 X
CMlot—
1 3.99
— — - ----------- - 1.173 X io-1 4.18  ■ " I — I ■■■ I ■! . ^  ■■......  - .
CuSOt, solutions; cCu(N03)2 solutions.
Cu(II) 0
Zn (II)
Ag (I)
1.031 X io”2 b
2.173 X o 1 t
o a
4.347 X io"2 a
5.155 X io-2 b
6.310 X io-2 a
1.144 X io-1 a
3.010 X io-2
6.110 X io“2
9.661 X
CN1o 1—1
1.173 X icf1
4.944 X O 1 u
>
1.208 X
CN1O
 
1—1
2.044 X
CN1o 1—1
3.577 X
CN1o 1—1
5.506 X
CN1o 1—1
9.651 X
CN1o 1—1
Fig. 4.5 A plot of against A k ^ s/[Cu2+J for the
detritiation of 1-methyl [8-3eQ guanosine at 40°, 
illustrating the use of eg. (4.9). (•) - Cu(N03)2
solutions; (O)- CuS0i+ solutions.
to N-7, since no rate perturbation occurs. The effect of 
Ag(I) ions on the rate of detritiation of 1-methylinosine 
has also been examined and these results are presented in 
Table 4.2 and plotted in Fig.4.8. These data, along with 
the Cu(II) - 1-methylinosine and - 5 '-IMP results are also 
consistent with the interpretation given above for the
-±«±-
9
8
7
6
5
0.150.05 0.100
IM0* ]  /  mol I"'
MFig.4.6 Plots of k , against metal ion concentration for
the detrit?a?ion of 1-methyl[8-3h] inosine in solutions 
containing ZnSCK (x) , CuSOj* (O) and Cu(N03)2 (#) at 85°. 
The line drawn for the Cu(II) points is constructed 
using eg. (4.8) and values given in the text.
Cu(II) - 1-methylguanosine system. This is apparent from 
the good agreement between the experimental data and 
the calculated curves, according to eg.(4.8) and the best- 
fit empirical parameters given in Table 4.4.
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Fig,4.8 A plot of kA? against Ag(I) ion concentration 
for the det?i€iation of 1-methyl[8-3 h] inosine 
at 85°. The line is constructed using eq. (4.8) 
together with values given in the text.
The detritiation of 3'-[8-3h ]AMP has been studied in
the presence of Ag(I) and Cu(II) ions at 85°. The results
are given in Table 4.5 and plotted in Fig.4.9. It is
interesting to note that the presence of Cu(II) ions has 
no marked effect on the detritiation of this particular 
substrate, in contrast to its effect on the inosine and 
guanosine derivatives studied. The results for the Ag(I) -
3'-AMP system can be fitted using eq.(4.8) together with
T “ ™ Tthe parameters = 1.65 x 105 1 mol rs 1 , =
Table 4.5
Rates of detritiation of [8-3H~j adenosine 3 1-monophosphate 
in the presence of Ag(I) and Cu(II) ions at 85 .
Metal ion [Mn+] /mol 1 '• 105kM, /s"1 obs '
Ag (I) 0 6.55
3.320 X 10“ 3 5.04
4.944 X 10“3 4.82
7.510 X io"3 5.25
2.000 X io"2 4.31
3.557 X io“2 3.29
4.890 X io“2 3.40
9.651 X io“2 2.73
Cu(II)a 9.710 X 10“3 6.62
4.471 X io“ 2 6.57
7.370 X io“ 2 6.71
Cu SOl solutions.
_ _x
6
2
0
0 .050 0.150.10
lMn* I I mol I"1
MFig.4.9 Plots of against metal ion concentration for
the detritiation of [8-3H] adenosine 3 1-monophosphateo 
in solutions containing CuSOi* (x) and AgClOi* (O) a.t 85
1.28 x 103 1 mol” 1 s” 1 , pKa = 3.1, pK^pur = 1 . 7 2  and pH =
4.70, suggesting similar behaviour to that observed previously.
4.3.2 The Detritiation of the Cis- {Pt (en ) ( [[<9- 3tf] guanosine ) 2] 2 
Cation
The guanosine C-8 tritium atom in this complex was found 
to be extremely labile under neutral conditions and for 
convenient rates of exchange to be measured, runs were 
confined to the pH range 4-6 at 25°. The results of this 
study, for which first-order kinetics were obeyed throughout 
are presented in Table 4.6. Fig.4.10 shows a second-order
Table 4.6
Rates of detritiation of the cis- [pt (en) ([[8-3h] guanosine) 2] 2 + 
cation in aqueous buffers at 25°.
pH 101 0 [0H~] /mol l” 1 105kP? / s 1 obs '
4.010 1.010 3.09
4.631 4.267 11.05
4.803 6.353 18.31
5.093 12.39 30.42
5.372 23.55 59.19
6.018 104.2 296.2
Ptplot of kQks against hydroxide ion concentration according 
to eq.(4.10), since only the species cis-[pt(en)(guanosine)2] 2+
kobs = kPt C0H-] (4.10)
-187-
o
73 x 10 I mol”1 sH
21 30
109 I0 H “ ) /m ol I ’ 1 
PtFig.4.10 A plot showing the dependence of k . for the
detritiation of the <?-£s-[pt (en) ( [8- §J guanosine) 2] 2 
cation on [ohJ in aqueous phthalate and acetate 
buffers at 25 .
is present in solution (cf. the results for 7-methylguanosine
in Chapter 1). From the slope of the line in Fig.4.10,
Tthe second-order rate constant, kpt, is found to be 
2.73 x 105 1 mol *s 1 at 25° (cf. 6.07 x 105 for 7-methyl­
guanosine and 1.45 x 105 for 1-methylguanosine at 25° from 
Chapter 1). Furthermore, the absence of buffer or water 
catalysis is indicated by the line in Fig.4.10 passing 
through the origin.
4.4 DISCUSSION
It can be seen from the above that the two methods 
used in the study of the effect of metal ion co-ordination 
on the rate of C-8 hydrogen isotope exchange in purines 
give rise to different observed rate behaviour. In the 
first method described, the results for in situ complex 
formation are interpreted as involving equilibrium co­
ordination between the substrate and the metal ion, followed 
by detritiation of the resulting complex. However, due to 
the presence of hydrogen ions in solution, this process 
competes with detritiation involving the N-7-protonated 
molecule (Scheme 4.3). Theoretical curves based on Scheme
K" KMPur a
MPur — ■ ^  Pur   — A  h Pur
(Mn+) (H+ )
exchange exchange
Scheme 4.3
4.3 agree well with the experimental data, lending support
to the reaction sequence proposed. The equations derived
for Scheme 4.3, together with the experimental results enable
M
the evaluation of the stability constant of the complex, KMpu r *
and the second-order rate constant for detritiation of the 
Tcomplex, k^. In contrast, the second method used in this 
study only provides a measure of the latter.
In view of the rate decreases observed for the detrit­
iation of 1-methylguanosine at both 40° and 85° in the
presence of ca. 10 2 Af.Cu(II) ions, it is surprising that 
9Tomasz et al. found no effect on the rate of detritiation 
of [8-3H]guanosine in the presence of 1 M Cu(II) ions at 
37°. One possible explanation might be that these workers 
were expecting a considerable rate enhancement and on 
finding a relatively small rate decrease they perhaps 
concluded it was due to experimental error or the increased 
ionic strength of the medium. The experimental error for 
the present determinations is, at most, ±5% and the measure­
ments in the presence of Cu(II) ions were made at constant 
ionic strength (0.40; NaClOiJ.
From the present study, rate increases will only be
observed if the second term in eq. (4.8) greatly exceeds the
first term. In the 1-methylguanosine - Cu(II) system at
40°, k^ = 9.44 x 102 1 mol xs *and pK^11^  = 2.09, and sov Cu * CuPur .
at a total Cu(II) ion concentration of 0.1 M, rate increases
p.. —  —
(i.e. kQks > 2.21 x 10 6 s 1) will be expected to occur at
pH > 5. Unfortunately, at these pH values, significant
precipitation of Cu(II)-hydroxy species occurs which prevents 
quantitative measurements being made.
As has already been stated, the main reason for choosing
1-methylguanosine as a substrate was that only N-7 is
available for metal ion binding. It is also fair to say
that very few studies have been carried out in order to
evaluate the stability constants of nucleoside - metal ion 
71binding. The majority of the work in this area has been
concerned with the corresponding nucleotides in which metal
ion co-ordination is more favourable due to the phosphate
72
group(s). However, Fiskin and Beer have determined the
Cu
stability constant, K£u(dGuo)' ^°r Cu(II) ~ deoxyguanosine
system at low pH. PKCu(dGuo) Was ^ounc  ^ to be 2.15 at 25°.
The values obtained in the present study for 1-methylguanosine
are 2.09 at 40° and 1.78 at 85° (assuming a linear plot of 
Cu
^KCu(1-Meguo) a9a:*-nst 1/T ' these values become 2.22 at 
25°). Very good, agreement is thus observed which suggests 
similar binding in each case, i.e. binding to N-7 in 
deoxyguanosine.
In a study of the interaction of Cu(II) with guanosine
7 3
and related compounds, Tu and Friederich showed that at 
pH 7 1:1 complexes were formed, without the release of 
hydrogen ions. They concluded from this that the N-7 (or 
N-7/0-6) site was involved in the binding (N-l binding 
would have necessitated proton release). From the finding 
that cytidine (12), analogous to the six-membered ring part 
of the guanosine molecule, did not react with Cu(II) it was 
concluded that the pyrimidine ring was not involved in 
complex formation. Thus it is the imidazole ring that 
contains the predominant binding site (N-7, since N-9 is
73blocked). * From their study, Tu and Friederich were able ' 
to postulate a pentacyclic complex (13) involving binding 
at N-7 and the enolic 0-6 sites. Such a structure would
H - 0  >Cu(II)
4
N'
NH
Ribose Ribose
(12) (13) Guanosine 3 X = NH2
Inosine 3 X = H
explain the increased acidity (ca. 2 pK units) of thea
74
N-l proton in guanosine in the presence of Cu(II) ions.
For 1-methylguanosine, in which enolization is not possible, 
involvement of N-7 and 0-6 may still be envisaged in a 
chelate structure similar to (13).
The behaviour of 1-methylinosine and 5 '-IMP in the 
presence of Cu(II) ions is seen (Figs.4.6 and 4.7) to be 
similar to that of 1-methylguanosine discussed above. This 
is not surprising in view of their structural similarity.
The same treatment as applied to the Cu(II) - 1-methylguanosine 
system reveals little difference in the stability constants 
for complex formation with Cu(II). This indicates that the 
rate decrease obtained is due to a similar mode of binding 
in both cases, i.e. N-7 binding to 5 '-IMP since 1-methyl­
inosine has only that site available for complexation.
However, in the solid Cu(II) - 5 '-IMP complex, the polymeric
structure (Fig.4.1) involves binding at N-7 and phosphate
44 43sites. In dilute solution, it is considered very
unlikely that the polymeric structure of this complex will
persist. The conditions used in the present work, however, 
are such that all likely co-ordination sites (e.g. in 5'-IMP 
this includes N-7 and phosphate) will be complexed ( [Mn+] »  
[Pur]). As the observed behaviour between 5'-IMP and 
1-methylinosine is very similar, it indicates that metal 
ion complexation to phosphate does not perturb the rate of 
detritiation.
Zn(II), on the other hand, appears (Figs.4.6 and 4.7) 
not to influence the rate of detritiation of both inosine 
derivatives studied. This indicates that very little base
co-ordination occurs. The solid complex, [Zn (5 '-IMP)^] *H20
43 44is known t o b e  isostructurhl with the Cu(II) complex,
but in this case, the solution structure must involve
predominant phosphate binding, with little or no N-7 base
co-ordination. On the basis of successively larger stability
constants in the order AMP<ADP<ATP, Zn(II) complexation
with all available phosphate groups has been suggested
• -i 75,76 previosly. '
The formation of 1:1 complexes between Ag(I) ions and
guanosine, 5'-GMP, inosine and 5 '-IMP with concomitant proton
68release has been demonstrated by Tu and Reinosa, and a
mechanism invoking the formation of the neutral species (14)
proposed. Alternatively, the co-linear arrangement (15) ,
which is in better accord with the known stereochemical re-
68
quirements of Ag(I), was suggested. The results obtained 
for the detritiation of 1-methylinosine in the presence of
Ag(I) are in agreement with the occurrence of N-7 binding, 
since an observed rate decrease was observed (Fig.4.8).
Ribose 5 -phosphate
Ribose 5 -phosphate
(14) (IS)
Ribose 5-phosphate
The results of a potentiometric study of Ag(I) - adenosine 
7 7
interaction suggest the formation of a five-membered ring
involving the N-7 and C-6 amino groups. These workers found
a significantly more stable complex with Ag(I) than for
Cu(II) = 2.02 and 0.70 at 25°, respectively^). Since
Ag(I) (and Cu(II) to a certain degree) favours binding to
base sites, the incorporation of a phosphate group into the
adenosine molecule would not be expected to significantly
influence this behaviour. Thus the effect of Ag(I) and
Cu(II) ions on the rate of detritiation of 3'-[8-3H]AMP
observed in the present study agree well with the previously-
77reported trends.
The results (Table 4.6 and Fig.4.10) for the detritiation 
of the complex cation e^s-[pt(en) (guanosine) 2] 2+ at the 
guanosine C-8 position are analogous to those obtained for 
7-methylguanosine (Chapter 1). The latter compound has been
used as a model for the N-7-protonated molecule believed to 
be involved in the isotopic hydrogen exchange mechanism at 
C-8 of purines at low pH (Chapter 1).
Thus, it has been shown that labilization of the C-8 
hydrogen (or tritium) atom of purines occurs on co-ordination 
of a metal ion to the adjacent N-7 position, which is 
analogous to alkylation at N-7. This explains the observ­
ations that co-ordination of CH3Hg(I) or Pt (II) complexes 
to N-7 in nucleosides causes a rapid disappearance of the
H-8 signal in n.m.r. spectra of inosine and guanosine deriv-
. . . ^ ^ 16-18, 54,59atives in D2O. /
From the results shown in Table 4.7, it appears that 
the magnitude of the second-order rate constants of N-7-
Table 4.7
TSecond-order rate constants, k^, for the detritiation of 
various N-7-substituted inosine and guanosine derivatives 
at 85°.
Substituent, X,
at N-7 of:- 1-Methylinosine 1-Methylguanosine Guanosine
k^ /I mol 1s 1
H+ + 1.80 X
O1—1 5. 30 X 106 3.11 X 106
c h 3 - - 1.70 X 10?aPt (II) - - 2.73 X 10
Ag(I) . 5.37 X 102 - -
Cu(II) 2.17 X 10k 1.44 X 10k -
Zn(II) - - -
None 1.90 X
CM1O
 
1—1 3.27 X 10"3
aAt 25°.
substituted guanosine and inosine derivatives decrease in 
the order: CH3 > Pt(II) > H+ > Cu(II) > Ag(I) > no substit­
uent .
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